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determine the sub-cellular location of the Chloroplast Sensor Kinase (CSK). This
thesis also incorporates results of experiments undertaken in collaboration with Mr.
Lars Dietzel, working under the supervision of Dr. Thomas Pfannschmidt at
Friedrich-Schiller-Universität, Jena, Germany. This latter collaboration was directed
at characterising the chloroplast transcriptional response of two CSK null mutants
and results are presented in chapter 5.
I certify that, with the above qualifications, this thesis, and the research it describes,
are entirely the product of my own work, and any ideas or quotations from the work
of other people, published or otherwise, are fully acknowledged in accordance with
the standard referencing practices.
                                                                                                       Sujith Puthiyaveetil
26 June 2008
3Abstract
Two-component signal transduction, comprising sensor kinases and response
regulators, is the predominant signalling mechanism in prokaryotes. This signalling
system originated in bacteria, and has spread to the eukaryotic domain of life through
symbiotic, lateral gene transfer from the bacterial ancestors of chloroplasts and
mitochondria. During the course of their evolution, chloroplasts, with the exception
of a few instances in non-green algae, appear to have relinquished all genes encoding
two-component systems to their eukaryotic host cell nuclei. In green algae and
plants, chloroplast genes for two-component systems were neither known nor were
chloroplast two-component proteins shown to exist as products of nuclear genes
prior to the work described here. This thesis describes the identification and
characterisation of a novel two-component sensor kinase in chloroplasts. This
Chloroplast Sensor Kinase (CSK) is the product of a nuclear gene in algae and plants.
CSK is synthesised in the cytosol of Arabidopsis thaliana and imported into the
chloroplast as a protein precursor. CSK is autophosphorylated and couples
photosynthetic electron transport to gene transcription in chloroplasts. The identity of
the response regulator partner of CSK reveals an unexpected phylogenetic and
functional relatedness of CSK with chloroplast two-component systems of non-green
algae. Chloroplast two-component systems are likely to be universal in
photosynthetic eukaryotes and they persist in chloroplasts as products of nuclear
genes even where chloroplast genomes no longer encode them. Chloroplast two-
component systems have homologues in extant cyanobacterial lineages, indicating
their ancient cyanobacterial origin. The persistence of cyanobacterial two-component
systems in chloroplasts and their function in coupling photosynthesis with
chloroplast gene expression are central to the premise that chloroplasts retain genes
whose expression is regulated by the activity of the photosynthetic electron transport
chain, using a mechanism conserved from their cyanobacterial ancestors.
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Chapter One
General introduction  1
1.1 Two-component signal transduction: from obscurity to prominence
Underscoring biochemical unity in living organisms, the pre-eminent French
biologist Jacques Monod once famously quipped: “What’s true for E. coli is true for
an elephant.” Monod’s aphorism holds in the case of phosphorylation. Reversible
phosphorylation is a fundamental regulatory mechanism present in all domains of
life (Anderson, 1992, Pawson and Scott, 2005). Living systems must have therefore
learned the trick of sticking on a phosphate group for regulation very early in
evolution, possibly extending deep in time at the hydrothermal hatcheries of life.
Acetyl phosphate, probably the first organic phosphate formed in the
chemoautotrophic metabolism of the protocell (Russell and Hall, 2006), could have
been the earliest phosphoryl group donor (Duve, 1991).  Acetate kinase, which
catalyses the reversible conversion of acetyl phosphate and ADP into acetate and
ATP, could be the earliest phosphotransferase (Buss et al., 2001), the first of the
many enzymes that transfer phosphate groups. Although acetyl phosphate continues
to function as an important phosphoryl group donor, this role has now largely been
taken over by the energy rich compound Adenosine Triphosphate (ATP). Multitudes
of phosphotransferases, which include protein kinases, have also evolved since.
Protein kinases are enzymes that catalyze the transfer of the γ-phosphate from
ATP or GTP onto an amino acid side chain of a protein substrate. At least five major
amino acid phosphorylation sites have been recognized in proteins. Phosphorylation
on serine is the most common, followed by threonine. Tyrosine phosphorylation is
relatively rare, while histidine phosphorylation is estimated to be 10 to 100 fold more
abundant than phosphotyrosine (Klumpp and Krieglstein, 2002). It was once
believed that serine/threonine/tyrosine phosphorylation was a defining feature of
eukaryotes and histidine/aspartate phosphorylation of prokaryotes. Recent research,
including that presented in this thesis, shows that this dichotomy no longer exists.
Histidine and aspartate phosphorylation occur as parts of a signalling pathway
known as two-component signal transduction (Stock et al., 2000). Two-component
18
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signalling systems have come to be known only relatively recently (Nixon et al.,
1986, Stock et al., 1985). This is partly because signal transduction research has thus
far focussed heavily on serine/threonine/tyrosine kinases, the so-called “eukaryotic
kinases” (Manning et al., 2002). Histidine phosphorylation has also been overlooked
because of the lability of histidine phosphates in traditional biochemical assays
(Klumpp and Krieglstein, 2002). Two-component signalling is now an active area of
research. Every now and then a new two-component system comes to light. The
name “two-component system” reflects its experimental history as this regulatory
system was first identified as two conserved components in genetic screens of
bacteria (Robinson et al., 2000). Two-component systems are widespread in bacteria,
though not ubiquitous. Bacteria such as Escherichia coli have around 32 two-
component systems (Mizuno, 1997), while some parasitic bacteria like Mycoplasma
genitalium have none (Mizuno, 1998). Some cyanobacteria such as Anabaena sp.
strain PCC 7120 contain around 211 two-component system genes (Wang et al.,
2002).
1.2 Two components make a signal transduction chain
Like most signalling pathways, two-component signal transduction is built around
conserved components. The conserved components that form the core of the two-
component signalling pathway are a sensor kinase and a response regulator (Figure
1.1) (Stock et al., 2000). In a two-component signal transduction chain, the sensor
kinase lies at the interface between the cellular environment and the adaptive
response (Figure 1.1). The sensor kinase is a histidine protein kinase, which in its
functional dimeric form undergoes an ATP dependent trans-autophosphorylation
reaction whereby one histidine kinase monomer phosphorylates a second monomer
within the dimer, on a conserved histidine residue. The phosphoryl group from the
histidine kinase is then transferred to a conserved aspartate residue on the response
regulator protein (Figure 1.1). Sensor histidine kinases thus differ from
serine/threonine kinases in that the latter kinase family transfers the phosphate group
from ATP directly onto the substrate.
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Figure 1.1 Two-component signalling systems: their modular design and modes of signalling. (A) A
phosphotransfer pathway involving an orthodox sensor kinase and a response regulator that participate
in a one-step His-Asp phosphoryl group transfer. The kinase domain of the sensor consists of a
dimerization domain (yellow diamond) and an ATP binding domain (rounded blue rectangle). The H,
N, G1, F and G2 motifs of the kinase domain are indicated. Conserved sequence motifs of the
response regulator receiver domain, DD, D1 and K are also indicated. (B) A phosphorelay pathway
involving a hybrid kinase and a response regulator that together participate in a three-step phosphoryl
group transfer. The Hpt domain is the His-containing phosphotransfer domain.
20
Chapter One
General introduction  1
Sensor histidine kinases combine a variable sensor domain with an invariable
kinase domain (Figure 1.1) (Stock et al., 2000). Most sensor histidine kinases are
transmembrane proteins with the sensor domain located in the extra-cytoplasmic
space and the kinase domain in the cytoplasm. The N-terminal, sensor domain of the
histidine kinase perceives the signal or stimulus that controls the activity of the
kinase domain. The nature of the signal sensed and the protein’s sensor domain are
unique for each histidine sensor kinase. In contrast, the kinase domain is highly
conserved in structure and function, being made up of an independent dimerization
motif and a catalytic core (Figure 1.1). The catalytic core of the kinase domain
consists of five conserved amino acid motifs: H-box, N, G1, F and G2 (Figure 1.1
and figure 1.2). The H-box contains the conserved histidine residue that is the site of
phosphorylation, and is usually located in the dimerization motif. N, G1, F and G2
boxes form the ATP binding pocket of the catalytic core (Figure 1.1) (Stock et al.,
2000).
Structural information is available for the kinase domain of a few histidine
kinases (Bilwes et al., 1999, Tanaka et al., 1998). From the structure, it was found
that the kinase domain of histidine kinases is unlike that of any previously known
kinase fold (Figure 1.2). However, similarity was noted in the ATP binding domain
of histidine kinase with a family of ATP hydrolases, which includes DNA gyrase B,
heat shock protein Hsp90 and the DNA-mismatch-repair protein MutL. The ATP
binding fold characteristic of these hydrolases and histidine kinases is called a
Bergerat fold (Figure 1.2) (Bergerat et al., 1997). It is believed that a slight variation
in the “ATP lid” of a Bergerat fold determines whether the protein exhibits a
histidine kinase activity or hydrolase activity (Dutta and Inouye, 2000). Each
dimerization or His-containing domain within the kinase domain is made up of two
antiparallel helices that form a coiled coil structure (Figure 1.2) (Stock et al., 2000).
A dimeric histidine kinase is formed through the association of these coiled coil
structures from two histidine kinase monomers, thus creating a four-helix bundle
(Figure 1.2).  The conserved histidine residue that is the site of autophosphorylation
21
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is positioned midway on the solvent-exposed side of the two opposing helices in the
four-helix bundle (Stock et al., 2000).
Phosphorylation on nitrogen of the histidine residue in histidine kinases
produces a phosphoramidate linkage that is different from phosphoester linkages of
the serine/threonine/tyrosine family of kinases. The phosphoramidate bond has a
large negative free energy of hydrolysis when compared to phosphoester linkages
and this makes phosphohistidine the most unstable of any known phosphoaminoacid
(Klumpp and Krieglstein, 2002). At typical intracellular ATP/ADP ratios, the
equilibrium of histidine kinase autophosphorylation favours the unphosphorylated
form. It is assumed that histidine kinases in their resting phase have a constitutively
active catalytic core that is out of contact with the substrate histidine residue. But,
when an appropriate signal is detected by the sensor domain, conformational changes
bring the catalytic core of one monomer close to the conserved histidine residue of
the other monomer, allowing phosphorylation of the substrate histidine residue
(Saito, 2001). Most histidine kinases, in addition to acting as kinases, also function
as response regulator phosphatases (Robinson et al., 2000). This bifunctional action
regulates the phosphorylation state of downstream response regulators, and so can be
used to control the flow of information through the signalling pathway.
Some members of the histidine kinase family are known as hybrid kinases
and these have additional functional domains that act as phosphoacceptor and
phosphodonor sites (Figure 1.1) (Stock et al., 2000). These domains allow additional
inputs and control points into the signalling pathway. In hybrid kinases, the
phosphoacceptor domain is formed by a receiver domain, which is usually found in
response regulators (Figure 1.1). This receiver domain in hybrid kinases receives a
phosphoryl group from the phosphohistidine of the kinase domain (Figure 1.1). The
phosphodonor domain, on the other hand, is formed by a histidine–containing
phosphotranfer domain (Hpt) (Figure 1.1). The Hpt domain receives its phosphoryl
group from the phosphoaspartate of the receiver domain in the hybrid kinase. The
Hpt domain then donates this phosphate group to the receiver domain of the response
23
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regulator (Figure 1.1). Hpt domains share a four-helix bundle structure that is
homologous to the four-helix bundle formed by dimerization domains of two
histidine kinase monomers (Stock et al., 2000). As in the dimerization of a histidine
kinase, the conserved active site histidine residue in the Hpt domain is also
positioned on the solvent- exposed helical face. In prokaryotes, the Hpt domain is
usually part of the hybrid kinase (Figure 1.1), while in eukaryotes it is typically
found as a separate protein. Hybrid kinases are rare in prokaryotes, but in eukaryotes
histidine kinases are mostly in hybrid form (Robinson et al., 2000).
Histidine kinases contain a variety of extracellular, intracellular and
transmembrane sensor domains designed for detecting specific ligands or stimuli
(Robinson et al., 2000). Sensor domains are highly heterogeneous in size and
structure and therefore have little sequence similarity in different histidine kinases. It
is believed that when sensor kinases duplicate and diverge, sensor domains acquire
new signal recognition functions by a hyper variable sequence evolution, while the
kinase domain remains unchanged (Hoch, 2000). Two commonly found cytoplasmic
sensor domains in histidine kinases are PAS and GAF. PAS domains, named after
the PER, ARNT and SIM proteins, sense signals such as light, redox reactions, and
oxygen, usually with the help of an associated cofactor (Taylor and Zhulin, 1999).
GAF domains, named after vertebrate cGMP specific phosphodiesterase,
cyanobacterial Adenylate cyclase and the bacterial formate hydrogen lyase
transcription activator FhlA, are structurally related to PAS domains (Ho et al.,
2000). GAF domains bind a variety of small molecule ligands, including cyclic
nucleotides (Zoraghi et al., 2004), bilins (Montgomery and Lagarias, 2002), 2-
oxoglutarate (Little and Dixon, 2003), sodium ions (Cann, 2007) and nitric oxide
(D'Autreaux et al., 2005).  GAF domains also sense redox signals via redox-
responsive prosthetic groups such as haem (Kumar et al., 2007).
The second component of any two-component system is its response
regulator (Figure 1.1). Most response regulators have a two-domain architecture
(Stock et al., 2000). The N-terminal domain is the invariable receiver domain that
24
Chapter One
General introduction  1
catalyses the transfer of a phosphate group from the phosphohistidine of the sensor
kinase to one of its own aspartate residue (Figure 1.1). The C-terminal domain in
response regulators is the variable effector domain that mediates the specific output
response (Figure 1.1). The receiver domain contains three conserved sequence
motifs: DD, D1 and K. The D1 motif is the aspartate residue that is the site of
phosphorylation (Figure 1.2). The DD motif is a pair of aspartate residues involved
in metal binding (Figure 1.2) and the K motif is a lysine residue that interacts with
the phosphate (Robinson et al., 2000). The histidine kinase–mediated
phosphorylation on the conserved aspartate residues in the receiver domain of
response regulators creates a high-energy acyl phosphate.  This phosphorylation
event causes the activation of the effector domain by a conformational change that is
propagated from the receiver domain to the effector domain (Robinson et al., 2000).
The exact details of this conformational change remain to be resolved.
Response regulators bring about a diverse set of output responses depending on
the nature of their effector domains. The most common output response is the
regulation of gene expression, owing to the transcriptional regulatory property of
effector domains. Based on homology in their effector domains, three subfamilies of
transcriptional regulatory response regulators are recognized (Robinson et al., 2000).
These subfamilies are OmpR, NarL and NtrC, named after representative family
members. All subfamilies contain a helix-turn-helix DNA binding motif in their
effector domains, but the overall fold of the effector domain varies between
subfamily members. The effector domain in OmpR is a winged helix-turn-helix.
NarL has a four–helix bundle structure and NtrC has an ATPase domain in addition
to the helix-turn-helix motif (Robinson et al., 2000).
As their signalling mechanism, two-component systems use a phosphoryl group
transfer pathway from the invariant kinase domain of the sensor to the invariant
receiver domain of the response regulator (Figure 1.1) (Robinson et al., 2000). Two
basic modes of phosphoryl group transfer pathway exist in two-component signal
transduction. The simplest one is the phosphotransfer pathway involving a single
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histidine kinase and a single response regulator that together participate in a one step
His→Asp phosphoryl group transfer (Figure 1.1). A more complex form is the
phosphorelay pathway. This pathway usually involves a hybrid kinase and a response
regulator protein that participate in a three step His→Asp→ His→Asp phosphoryl
group transfer (Figure 1.1). In the phosphorelay pathway, the Hpt domain, which
function as a phosphodonor domain, is seen either as part of the hybrid kinase or as a
separate protein. Simple phosphotransfer pathways predominate in prokaryotes,
while phosphorelays, which integrate multiple steps of regulation, are frequent in
eukaryotes.
1.3 Two-component systems are not confined to prokaryotes
Up until a decade ago, two-component systems were though to be unique to
prokaryotes. However, a flurry of activity in both genomics and molecular genetics
has dispelled this notion of uniqueness.  Beginning with the discovery of ethylene
receptors in plants (Chang et al., 1993), two-component systems have since been
reported in various eukaryotic organisms, including fungi, slime moulds, unicellular
algae, mosses and higher plants (Saito, 2001, Thomason and Kay, 2000). It is
believed that two-component systems originated in bacteria but have spread to other
domains of life through lateral gene-transfer (Koretke et al., 2000). A simple lateral
gene transfer event has taken two-component system to archaea, but eukaryotes
received two-component systems from the bacterial ancestors and early evolutionary
precursors of chloroplasts and mitochondria through symbiotic gene transfer, a
special case of lateral gene transfer. Among eukaryotes, plant, moss, and algal
genomes encode many two-component systems (Hwang et al., 2002, Rensing et al.,
2008), while in fungi, only a few two-component systems are found (Catlett et al.,
2003).
Two-component systems are considered to be absent in animals. Their absence
has been variously proclaimed. As one title (Wolanin et al., 2002) reads “Histidine
protein kinases: key signal transducers outside the animal kingdom.”  For this reason,
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histidine kinases have been perceived as a potential drug-target against bacteria and
fungi (Stephenson and Hoch, 2002). Recent research, however, suggests that it may
be premature to dismiss the presence of two-component systems in animals. Studies
have now looked at two well-known mitochondrial enzymes, branched-chain α-
ketoacid dehydrogenase kinase (BCKDHK) (Lasker et al., 2002) and pyruvate
dehydrogenase kinase (PDHK) (Lasker et al., 2002, Mooney et al., 2000, Thelen et
al., 2000). These enzymes have high sequence similarity to sensor histidine kinases,
but have nevertheless been classified as serine/threonine kinases.  From the above
studies, it emerged that both these enzymes, in addition to their serine/threonine
kinase activity, also possess a histidine kinase activity. This was rather a surprising
revelation. Even though histidine phosphoproteins have been reported in many
animal studies, this is the first demonstration that proteins that look like histidine
kinases also behave like histidine kinases in animals. Sequence similarity search
shows response regulator homologues in some metazoans such as Mus musculus and
Nematostella vectensis (unpublished research, Puthiyaveetil and Allen). This may
prove interesting, but sequence contamination cannot be ruled out at this stage. As
discussed in chapter 3, the chemical instability of phosphohistidines in biochemical
assays and sequence modification of sensor histidine kinases and response regulators
can impede the identification of two-component systems in metazoans.
1.4 Functional roles of two-component systems: from motility to virulence
Two-component systems regulate diverse adaptive responses in bacteria, fungi and
plants (Bekker et al., 2006, Santos and Shiozaki, 2001, Hwang et al., 2002).
Chemotaxis in bacteria is a well-characterised two-component sensory mechanism.
Other functions of two-component systems in bacteria include acquisition of
nutrients such as nitrogen, phosphate and carbon, and micro and macro elements like
nickel and magnesium; regulation of respiration and photosynthesis; sensing of
chemical and physiological stimuli such as pH, osmolarity, low temperature and
light; controlling developmental processes such as sporulation; cell-to-cell
communication, quorum sensing; and control of virulence. In fungi, two component
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systems regulate processes such as osmosensing and oxidative stress. In slime
moulds, fruiting body formation is under the control of two-component systems
(Wang et al., 1996). In plants, two-component systems function as osmosensors,
hormone receptors and light receptors.
A number of responses controlled by two-component systems in bacteria
involve redox-regulated gene transcription. In such cases, sensor kinases function as
redox sensors and are mostly wired into photosynthetic or respiratory electron
transport chain (Allen, 1993b, Bauer et al., 1999, Green and Paget, 2004). A well-
known example is the ArcAB system, which functions as a regulatory switch that
selects between aerobic and anaerobic metabolisms in bacteria. Redox state of the
quinone electron carrier is the regulatory signal for the ArcB sensor (Georgellis et
al., 2001). The RegAB/PrrAB system in photosynthetic bacteria is also a quinone-
level redox switch that acts as a global regulator of metabolism, including
photosynthesis, respiration and nitrogen fixation, depending on the availability of
oxygen (Swem et al., 2006). The NifAL system in the nitrogen fixing bacterium,
Klebsiella pneumoniae controls the expression of nif genes according to the partial
pressure of oxygen. The NifL sensor monitors oxygen tension indirectly from the
redox state of the quinone pool (Grabbe and Schmitz, 2003). The BvgS and EvgS
sensor kinases of Bordetella pertussis and Escherichia coli, respectively, are also
known to sense quinone redox state (Bock and Gross, 2002).  Quinone sensing by
BvgS and EvgS is likely to modulate virulence in these bacteria. The DosS sensor of
Mycobacterium tuberculosis is also a redox sensor that tunes the expression of
virulence genes (Kumar et al., 2007).
1.5 Chloroplasts
Chloroplasts are cytoplasmic organelles that originated from endosymbiotic
cyanobacteria (Raven and Allen, 2003). They are the sites of photosynthesis in plants
and eukaryotic algae. These disc-shaped organelles are double-membrane bound and
contain an intricate membranous system of flattened vesicles, called thylakoids,
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Figure 1.3 Ultrastructure of chloroplasts and organization of electron transfer complexes. (A)
Electron micrograph of a chloroplast showing the organization of thylakoids into grana and stroma
lamellae. (B) Diagram depicting the spatial organization of electron transfer complexes in the
thylakoid membrane. (Figure 1.3A taken from image collections of the Department of Botany, UW-
Madison. Figure 1.3B based on (Allen and Forsberg, 2001))
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suspended in a jelly-like fluid known as stroma (Figure 1.3A) (Kirk and Tilney-
Bassett, 1978). Thylakoids are organized into stacks of disks forming grana, which
are interconnected by single, unstacked membranous structures known as stroma
lamellae (Figure 1.3A). A chloroplast contains special light absorbing pigment
molecules called chlorophylls and carotenoids, studded onto proteins and arranged in
special light harvesting and energy converting centres called photosystems (Figure
1.3B). Photosystems and other complexes necessary for the light harvesting and
electron transfer functions of photosynthesis are usually plugged into the thylakoid
membrane (Figure 1.3B). Photosystems contain a ring of light harvesting peripheral
antenna molecules and a reaction centre core containing a special pair of chlorophyll
molecules. There are two such photosystems in a chloroplast, one preferentially
absorbing light of shorter wavelength (up to 680 nm) called photosystem II (PS II)
and the other absorbing longer wavelength of visible spectrum (up to or beyond 700
nm) known as photosystem I (PS I) (Figure 1.3B). These two different wavelength
absorbing photosystems are joined together for electron transfer by a complex called
cytochrome b6f (Cyt b6f) (Figure 1.3B).
Chloroplasts convert light energy from the sun into chemical energy, in the
form of carbohydrates. Apart from light, the essential raw materials for this reaction
of global significance, and on which, ultimately, all life forms depend for energy, are
CO2 and H2O. Water is used as an electron source. The electrons stripped from water
are the reducing power, required for producing carbohydrates from CO2. The proton
gradient generated in the process is used to produce ATP. O2 is a by-product of the
water splitting reaction in photosynthesis. The advent of oxygenic photosynthesis
was an unparalleled evolutionary innovation in the history of life (Allen and Martin,
2007). Oxygenic photosynthesis generated an oxygenic atmosphere and allowed
aerobic respiration, which fuelled the origin and evolution of multicellular organisms
(Lane, 2002).
The process of photosynthesis is divided into two main sets of reactions: light
(light-dependent) reactions and dark (light-independent) reactions. Light reactions
30
Chapter One
General introduction  1
are a series of light-driven electron transfer reactions performed by photosystems
(Figure 1.4). Most chlorophyll molecules present in photosystems function in
light–harvesting antenna that increase the surface area over which light energy is
absorbed. These chlorophylls and accessory pigments in the light–harvesting
complex absorb each quantum of light, and the resulting excitation energy is
transferred into the reaction centres of each photosystems. Reaction centres use the
excitation energy received from light–harvesting pigments to drive a charge
separation reaction between a special chlorophyll species and an electron acceptor.
The chlorophyll species is therefore a primary electron donor, and is called P680 in
photosystem II (PS II) and P700 in photosystem (PS I), (Figure 1.4). These special
chlorophyll molecules thus loose the electrons to the acceptor and are thus oxidized.
Electrons generated during the charge separation in PS II are passed along a
series of electron acceptors to reduce the plastoquinone (PQ) to plastoquinol (PQH2)
(Figure 1.4). PQH2 is re-oxidised by the cytochrome (cyt) b6f complex. Re-oxidation
of each PQH2 is coupled with the movement of four protons from the stroma into the
lumen of the thylakoid. This proton translocation reaction by cyt b6f complex
contributes in generating a proton gradient across the thylakoid membrane, which is
used by the ATPase enzyme to make ATP. Electrons derived from the oxidation of
PQH2 by cyt b6f are passed onto a soluble electron acceptor called plastocyanin (PC)
(Figure 1.4). PC diffuses into PS I and donates the electrons to PS I to reduce the
oxidised P700. Electrons generated from the light–induced charge separation of P700
reduce ferredoxin (Figure 1.4). Electrons from ferredoxin reduce NADP+ to NADPH
by ferredoxin–NADP+ reductase (FNR) (Figure 1.4). This linear electron transport
chain is completed by the reduction of the P680 special-pair in PS II via the
oxidation of H2O.
In the electron transport reactions of photosynthesis, each electron carrier
undergoes a cycle of chemical reduction and oxidation, becoming reduced by
accepting an electron from the previous carrier, and then oxidised by donating the
31
Chapter One
General introduction  1
Figure 1.4 The Z-scheme of photosynthesis. The electron transport pathway from H2O to NADP+ is
plotted on a scale of redox potential. “Em” is the midpoint potential expressed in volts. Abbreviations:
Mn, manganese cluster; Tyr, tyrosine; P680, PS II reaction centre special pair chlorophyll; Pheo,
Phaeophytin; QA, plastoquinone A (bound plastoquinone); QB, plastoquinone B (mobile
plastoquinone); PQ, plastoquinone pool; Cyt b/f, cytochrome b6f complex; PC, plastocyanin; P700,
PS I reaction centre special pair chlorophyll; A0, primary acceptor chlorophyll; A1, secondary acceptor
phylloquinone; Fx, iron sulphur cluster; FAFB, iron sulphur cluster; Fd, ferredoxin; FNR, ferredoxin
NADP+ oxidoreductase; NADP+, nicotinamide adenine dinucleotide phosphate oxidised form. (Z-
scheme taken from (Govindjee, 2000))
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electron to the next carrier in the chain (Figure 1.4). This reduction–oxidation or
“redox” chemistry underpins energy conversion in photosynthesis. In the electron
transport chain, each electron carrier is positioned according to their redox potential,
which is the affinity for electrons (Figure 1.4). Electrons move spontaneously from a
less positive potential to a more positive potential in the electron transport chain
(Figure 1.4). However in photosynthesis, for this down-hill flow of electrons to
occur, electrons should first be driven up-hill from reaction centres by using the
energy from light. If reaction centres and electron carriers are arranged according to
their redox potential, they form the Z-scheme of light reactions (Figure 1.4) (Hill and
Bendall, 1960). The scheme derives its name from the resemblance to the letter “Z”
when it was first drawn. 
In the dark reactions of photosynthesis, free energy from the hydrolysis of ~P
bonds of ATP and the reducing power of NADPH, both formed during the light
reactions, are used to reduce CO2 to sugars through a series of biochemical reactions
called the Calvin cycle, the Benson-Calvin cycle, or the reductive pentose phosphate
pathway. Enzymes and the intermediates of Calvin cycle are located in the stroma.
The key enzyme in the Calvin cycle is ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), which is also one of the most abundant proteins
on Earth. The term “Dark reaction” is something of a misnomer, these reactions
neither require darkness nor do they operate in darkness. They are, themselves,
merely light-independent. Dark reactions, on the contrary, also require light
indirectly for the activation of many of the enzymes participating in the Calvin cycle
(Buchanan, 1980).
Four major multisubunit complexes, PS I, PS II, cyt b6f and ATPase (Figure
1.3B), operate in the thylakoid membrane for capturing and converting light energy
into the reductants and ATP required for fixing CO2 to carbohydrates. In addition to
these four major complexes, thylakoid membranes also contain remnants of the
respiratory electron transport chain of the ancestral cyanobacterium. A plastid-
encoded NAD(P)H dehydrogenase (ndh) complex, homologous to the bacterial
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complex I, and a recently identified nuclear-encoded plastid terminal oxidase
(PTOX), homologous to the plant mitochondrial alternate oxidase, are thought to be
part of a chlororespiratory pathway in chloroplasts (Peltier and Cournac, 2002).
PS II is a homodimeric multisubunit pigment-protein-cofactor complex
embedded in the thylkoid membrane (Figure 1.5A). PS II is located primarily in the
granal region of the thylakoid membrane, where it functions as a water-
plastoquinone oxidoreductase. Each PS II monomer consists of around 19 subunits,
16 of which are membrane intrinsic (Figure 1.5A) (Ferreira et al., 2004). Protein
subunits of PS II can be separated into four main structural units: a reaction centre
core, an inner core of light harvesting antenna, a peripheral ring of light harvesting
antenna and a hydrophilic, lumenal oxygen evolving complex. The reaction centre
core that lies at the heart of PS II is formed by two homologous proteins known as
D1 and D2, which have five transmembrane helices each. In photosynthetic
eukaryotes, both D1 and D2 subunits are universally encoded in the chloroplast
genome (psbA and psbD respectively). D1 and D2 subunits bind pigments and
cofactors involved in charge separation and electron transfer.  CP47 and CP43
subunits (products of chloroplast genes, psbB and psbC respectively) form the core
antenna of PS II (Figure 1.5A). CP47 and CP43 subunits, each having 6
transmembrane helices, bind 16 and 14 chlorophylls respectively (Ferreira et al.,
2004). These subunits are thought to be involved in transferring excitation energy
from peripheral antenna to the reaction centre core. A number of single membrane-
spanning subunits, many of them chloroplast-encoded, are also present in the core of
the PS II (Figure 1.5A).
The peripheral light-harvesting antenna keeps the reaction centre core
supplied with excitation energy. The composition of this peripheral antenna varies
among different organisms. In plants and green algae, this antenna system is
membrane–intrinsic and made up of Light Harvesting Complex II (LHC II) proteins
that bind chlorophyll a and chlorophyll b. In cyanobacteria and red algae,
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Figure 1.5 Architectures of photosystems. (A) The basic structural organization of the dimeric PS II
complex from the cyanobacterium Thermosynechococcus elongatus viewed parallel to the membrane
plane. α-helices are represented as cylinders. (B) Structural organization of plant (Pisum sativum) PS I
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viewed parallel to the membrane plane. α-helices are represented as helical ribbons, β-strands as
twisted ribbons and turns and loops as ropes. (Figure adapted from (Ferreira et al., 2004, Nelson and
Ben-Shem, 2004))
membrane–extrinsic phycobilisomes, which contain phycobilins and phycoerythrins
as light absorbing pigments, form the light harvesting antenna (Glazer, 1985). As
many as 300 light–harvesting pigment molecules serve one PS II reaction centre. The
oxygen evolving complex, which lies at the lumenal side of PS II, is formed by three
extrinsic subunits that house a catalytic Mn4Ca cluster (Figure 1.5A). The D1 protein
provides the majority of the ligands that coordinate the Mn4Ca cluster. The Mn4Ca
cluster undergoes four stepwise oxidation reactions to supply electrons to the
oxidised P680 in the PS II reaction centre.  This creates a strongly positive redox
potential in the Mn4Ca cluster, which enables it to split two molecules of water into
four electrons, 4 protons and one molecule of dioxygen (Yano et al., 2006).
PS I is a large multisubunit pigment-protein-cofactor complex, which is
usually found in the stroma lamellae region of the thylakoid membrane.  PS I
functions as a plastocyanin-ferredoxin oxidoreductase (Figure 1.5B). PS I generates
the most negative redox potential in nature and could be counted as one of the most
efficient energy converting machine ever made (Nelson and Yocum, 2006). PS I is a
monomeric enzyme in plants and algae, while in cyanobacteria, it functions as a
trimer. Each monomeric PS I complex consists of 17 different subunits (Amunts et
al., 2007). The core reaction centre of PS I is formed by a heterodimer of PsaA and
PsaB subunits, which each have a relative molecular mass of 83 kDa (Figure 1.5B).
Both of these subunits are always encoded in the chloroplast genome in plants and
algae. These subunits, each containing 11 transmembrane helices, bind many
chlorophylls, including the P700 special chlorophyll pair, carotenoids, and other
cofactors that assist in electron transfer reactions (Amunts et al., 2007).
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The organization of transmembrane helices in the PsaA-PsaB dimer is similar
to the arrangement of helices in D1-D2 and CP43-CP47 subunits of PS II (Hankamer
et al., 1999). This similarity has led to the suggestion that the two photosystems may
share a common evolutionary origin (Nitschke and Rutherford, 1991). The PsaC
protein ligates two iron–sulphur centres that receive electrons derived from the
oxidation of P700, and is located on the stromal side of PS I (Figure 1.5B). PsaC
subunit along with two other peripheral subunits, PsaD and PsaE, form a stromal
ridge that docks the soluble electron acceptor ferredoxin (Figure 1.5B) (Amunts et
al., 2007). In plant PS I, a small subunit, PsaH (Figure 1.5B) forms the anchor for the
mobile LHC II (Lunde et al., 2000), which migrates between two photosystems as
part of an acclimatory process known as state transitions (Allen, 2003a).
Cyanobacterial PS I lacks a peripheral antenna, while plant and algal PS I have a
peripheral antenna complex made up of Light Harvesting Complex I (LHC I). Four
LHC I proteins form a half-moon like structure around one side of the PS I complex
(Amunts et al., 2007). Chlorophyll a/b binding proteins in both LHC I and LHC II
are encoded by the Lhc multigene family (Jansson, 1999). These proteins show high
sequence homology suggesting a common evolutionary origin (Green et al., 1991).
The cytochrome b6f complex forms the electronic connection between PS II and
PS I and functions as a plastoquinol-plastocyanin oxidoreductase (Figure 1.6A). It is
also the main contributor to the proton gradient required for the synthesis of ATP.
The complex occurs in dimeric form and encloses a central cavity for exchanging
plastoquinone (Kurisu et al., 2003, Stroebel et al., 2003). Each monomer consists of
four large subunits: cytochrome b6 (Cyt b6), subunit IV (Sub IV), cytochrome f (Cyt
f) and the Rieske iron-sulphur protein (ISP) (Figure 1.6A). Each monomer also
contains four small, single membrane-spanning subunits: PetG, PetL, PetM and PetN
(Figure 1.6A). All major subunits, except the Rieske protein, are encoded in the
chloroplast genome, and all minor subunits, except PetM, are products of chloroplast
genes in plants and algae. Cyt b6 binds an atypical haem covalently bound to an
invariant cysteine residue, in addition to the two well-known haems (Figure 1.6A)
(Stroebel et al., 2003). Cyt f contains a c-type haem and the Rieske protein ligates
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two iron-sulphur (2Fe-2S) clusters (Figure 1.6A).  Cyt b6f also contains one
chlorophyll and one carotenoid of uncertain function (Figure 1.6A) (Allen, 2004).
Structural elucidation of Cyt b6f confirmed the notion that it shares a common
evolutionary origin with the respiratory cytochrome b-c1 complex (Allen, 2004).
ATP synthase (ATPase) is a multimeric enzyme complex that drives the
formation of ATP from ADP and Pi by using the protonmotive force generated from
photosynthetic electron transport (Figure 1.6B). ATPase consists of two distinct
multisubunit portions - the membrane embedded CFo and the membrane extrinsic
CF1.  CF1 is formed by five different polypeptides found in a stoichiometry of
α3β3γδε (Figure 1.6A) (Abrahams et al., 1994).  The CFo portion consists of four
polypeptides (I-IV) in a stoichiometry of 1:1:14:1. The three catalytic sites in the
ATPase enzyme are formed by β-subunits of the CF1. ATPase is a rotary enzyme
(Junge et al., 1997). The central c-ring (formed by subunit III) of the CFo acts
together with the γ subunit of the CF1 as the rotor.  The remaining subunits act
together as the stator. The CFo portion of the ATPase acts as proton channel though
which protons from the thylkoid lumen flow to the stroma. This flow of protons
causes the rotation of the c-ring, and of the γ subunit, which is directly attached to it.
The rotation of the asymmetric γ subunit of CF1 causes a series of conformation
changes in the catalytic nucleotide binding sites of the β subunits, which lead to ATP
synthesis. Six subunits (α, β, ε, I, III and IV) of the chloroplast ATPase are encoded
in the chloroplast genome, while the remaining three subunits (γ, δ and II) are
products of nuclear genes.
1.6 The Chloroplast genome and the need for a two-component system
At the beginning of 20th century, the existence of a functional genome in chloroplasts
was suggested by studies of non-Mendelian inheritance of variegation in higher
plants (reviewed in (Bogorad, 1998). These studies revealed that the genetic
determinants of variegation are associated with chloroplasts. This discovery was
followed by demonstration of DNA in chloroplast in the 1950s and 60s, culminating
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in the demonstration of unique chloroplast DNA sequences and the publication of the
first physical map of the chloroplast genome in maize (Bedbrook and Bogorad,
1976). The first complete chloroplast genome sequences, of Nicotiana tabacum and
Marchantia polymorpha, were published in 1986 (Ohyama et al., 1986, Shinozaki et
al., 1986). Many chloroplast genomes have been sequenced since, but the miniature
genomes of chloroplasts continue to captivate the imagination of scientists working
in this area. The average chloroplast genome of higher plants is 120 kbp long and
encodes around 120 proteins (Sugiura, 1998), while a typical cyanobacterium, from
which the chloroplast evolved, has around 3000 proteins. The coding capacity of
chloroplast genome represents only 0.1 % of a typical eukaryotic genome. The size
of chloroplast genome is thus miniscule by any standard.
It is believed that the great majority of genes that came with the original
cyanobacterial symbiont have been relocated or lost during the endosymbiotic
evolution that ensued (Martin et al., 2002). Relocation of genes encoding chloroplast
proteins to the nuclear genome is thought to be selectively advantageous (Allen and
Raven, 1996) as it reduces the mutation frequency imposed by the redox chemistry
operating in chloroplasts. It is also suggested that relocation of chloroplast genes to
nucleus prevents the demise of chloroplast genes by Muller’s ratchet – a
consequence of the accumulation of mutations from asexual propagation of
chloroplasts. The majority of the chloroplast proteins today are synthesised in the
cytosol as nuclear gene products and imported into chloroplasts as protein precursors
(Ellis, 1984). Chloroplast to nuclear gene transfer is ongoing and chloroplast genes
are being transferred to nuclear genome at an alarming rate (Huang et al., 2003,
Stegemann et al., 2003). These observations, together with the huge cost and
complexity of maintaining separate genomes in chloroplasts, pose the question, why
are any genes left in the chloroplast?
Various explanations have been put forward to the enigmatic retention of the
chloroplast genome (Race et al., 1999). Until recently, one widely-held notion was
that some of the chloroplast proteins are too hydrophobic to be imported into
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chloroplasts. However, there are some conspicuous counter–examples to this
suggestion. The gene encoding the large subunit of the RuBisCO, rbcL, with some
rare exception in predatory protists, is always chloroplast-encoded. RuBisCO is a
stromal enzyme. The hydrophobicity argument therefore fails to account for the
chloroplast localization of rbcL gene. The light harvesting complex II (LHC II) of PS
II, one of the most abundant membrane proteins on earth, is a highly hydrophobic
protein with three membrane-spanning helices. The LHC II protein, however, is not
encoded in the chloroplast, but is the product of a nuclear gene. Another explanation
for plastid genomes was that since organellar genes have non-universal genetic
codes, the chloroplast genes could never be translated on cytosolic ribosomes. This
suggestion was also disproved by experiments showing successful translation of
nuclear-relocated chloroplast genes by cytosolic ribosomes. Some others have argued
that, given enough time, all chloroplast genes will eventually end up in nucleus.
However, this suggestion would require a random sample of genes remaining in
chloroplasts, but the non-random nature of the constant sub-set of chloroplast genes
is distinctly at odds with this proposal.
A relatively recent hypothesis, known as CORR (Allen, 1993a, Allen, 2003b),
invokes a regulatory reason for the stubbornness of chloroplast genes. This
hypothesis suggests that chloroplasts retain genes whose expression is regulated by
the activity of the photosynthetic electron transport chain, using a mechanism
conserved from their cyanobacterial ancestors. According to CORR, the conserved
mechanism that mediates the precise switching on and off of chloroplast genes in
response to photosynthetic activity is formed by a two-component system, and this is
why chloroplasts need a two-component system (Figure 1.7).
1.7 Chloroplast genomes: reduced to the CORR
The CORR hypothesis (co-location for redox regulation) (Allen, 2003b) posits that
the small but functional genomes in chloroplasts and mitochondria provide a location
for genes and their gene products in the same cellular compartment. This co-location
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Figure 1.7 The proposed role of a redox-responsive two-component system in light quality mediated
transcriptional response in chloroplasts. Light reactions of photosynthesis are represented as electron
transport from H2O to NADP via two photosystems connected by a cytochrome b6f complex. The
redox state of the plastoquinone pool is sensed directly, or indirectly via the cyt b6f complex, and
initiates the transcriptional response. The transcriptional response involves the activation of a DNA
binding response regulator protein through phosphorylation, the activated response regulator then
regulates the transcription of reaction centre genes for both PS I and PS II. After a switch between
light 1 and light 2, the photosystem that becomes light-limiting is up-regulated, while the photosystem
that becomes light-saturated down-regulated. (Figure taken from (Puthiyaveetil and Allen, 2008))
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of genes and gene products in organelles is selected in evolution in order to place a
direct and unconditional regulation on the expression of genes by the redox state of
their gene products. Some of the key assumptions of this hypothesis are as follows:
bio-energetic organelles retain a constant sub-set of genes that encode for the core-
subunits of the electron transfer complexes; the expression of these genes is under
the direct control of the redox state of their gene products; and that the mechanism,
which ensures redox-control of organellar gene expression, has been retained from
the bacterial ancestors of chloroplasts and mitochondria (Allen, 2003b).
Since two-component systems are the major signal transducers in bacteria
and some two-component systems are redox-responsive, the conserved mechanism
that couples redox signals to gene expression in organelles is predicted to be a two-
component system (Figure 1.7). The CORR hypothesis further assumes that those
genes that do not encode core-subunits of electron transfer complexes and whose
expression need not be redox-regulated can be relocated to the nucleus.  This
hypothesis also predicts that there is no barrier to the successful import of precursor
protein into chloroplasts and mitochondria. Genetic system genes encoded in the bio-
energetic organelles, according to CORR hypothesis, are retained for regulation by
the primary process of redox chemistry or by secondary signals reporting the current
state of gene expression (Allen, 2003b).
Key assumptions and predictions of the CORR hypothesis, since it was first
proposed in 1993 (Allen, 1993a), have been borne out with the available data.
Comparative analysis of mitochondrial and chloroplast genomes has shown that
genes remaining in organelles boil down to two main functional categories: genes
encoding structural proteins that work at the core of the redox chemistry, and genes
encoding components of the gene expression machinery (Race et al., 1999). The
selection pressure to retain only these two functional categories of genes in
organelles is further manifested in the observation that organellar genome reduction
in parallel and independent lineages has left the same two functional categories of
genes remaining in the organelles (Race et al., 1999).
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Recent studies have revealed that redox-regulation occurs at all facets of
organellar gene expression. Considerable data have accumulated, especially in
chloroplasts, to suggest the pervasiveness of redox-regulation in organelles
(Pfannschmidt and Liere, 2005). Besides transcriptional control of gene expression,
posttranscriptional component of gene regulation has been well established in
chloroplasts and mitochondria and in their prokaryotic ancestors. Since both
transcription and translation take place in the same cellular compartment in
prokaryotes, these two processes are coupled. This means that in prokaryotes, the
mRNA is translated while still being synthesized. This coupling ensures rapid and
efficient translation of nascent mRNA species, whose half-life in bacteria is a few
minutes (Selinger et al., 2003).
While chloroplast mRNAs are relatively long-lived, coupled transcription and
translation may still ensure rapid and efficient translation of some mRNAs.
However, translation of chloroplast transcripts is mainly regulated by light via a
group of nuclear-encoded proteins known as translational activators (Manuell et al.,
2004). The light-induced translation of chloroplast mRNAs are, in fact, mediated by
changes in the redox state of certain components of the photosynthetic electron
transport chain (Manuell et al., 2004).  The changes in the redox state of electron
carriers regulate the RNA-binding property of translational activators.  A well-
known example is the regulation of translation of psbA mRNA by the ferredoxin-
thioredoxin system in Chlamydomonas (Danon and Mayfield, 1994).  The
translational activation of psbA mRNA involves the chemical reduction of a
translational activator protein by the reduced thioredoxin. This reduction increases
the activator’s capacity to bind the 5’ UTR of psbA mRNA, which in turn allows the
recruitment of psbA mRNA onto polysomes and its subsequent translation.
In chloroplasts, various other post-transcriptional steps such as translational
elongation, RNA stability and RNA splicing are subjected to photosynthetic redox
regulation (Pfannschmidt and Liere, 2005). As discussed in the next section,
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transcriptional regulation has, however, recently emerged as a major theme of redox-
regulation in chloroplasts. A related theme, which forms the central subject of
research presented in this thesis, is whether chloroplasts retained one or more two-
component systems from their cyanobacterial ancestors as the mechanism that
permits redox-regulation of their gene transcription (Figure 1.7) (Allen, 1993a).
1.8 Chloroplast gene transcription is regulated by redox signals
Regulation at the level of transcription of DNA to RNA has long been recognized as
a principal mechanism for modulating gene expression in biological systems. Gene
expression in chloroplasts has been viewed as an exception to the rule of
transcriptional control (GoldschmidtClermont, 1998, Gruissem and Tonkyn, 1993).
The proponents of this view draw from the observation of relatively long-lived
chloroplast mRNA transcripts, and argue that all gene regulation in chloroplasts is
post-transcriptional. However, the notion of the non-regulation at the transcriptional
level was challenged by a series of studies demonstrating specific light quality
induced changes in the transcriptional pattern of chloroplast genes (Fey et al., 2005b,
Pfannschmidt et al., 1999a, Pfannschmidt et al., 1999b, Puthiyaveetil and Allen,
2008, Tullberg et al., 2000). The exact nature of the action of light on chloroplast
transcription was revealed by the use of various electron transport inhibitors which
showed that the light-regulated transcriptional changes of chloroplast genes are, in
fact, mediated by alterations in the reduction-oxidation (redox) state of a component
of the photosynthetic electron transport chain (Pfannschmidt et al., 1999a). This
component is the quinone electron acceptor in chloroplasts known as plastoquinone
(PQ) (Figure 1.7).
Redox-regulated chloroplast transcription is part of an acclimatory response
in chloroplasts called photosystem stoichiometry adjustments (Chow et al., 1990). As
discussed in earlier section, in photosynthesis, two photosystems with different light
absorption and action spectra are connected in series to drive electrons from water to
NADP+. Their serial connection means that the rate of electron transport between the
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two photosystems must be equal. The function of photosystem stoichiometry
adjustment is to compensate for any deficiency in energy conversion at either PS I or
PS II by increasing the quantity of the photosystem that will otherwise become rate-
limiting to overall photosynthesis. For chloroplast transcriptional regulation this
means, under conditions in which PS II is selectively excited, that transcription of PS
I reaction centre genes is up-regulated so as to increase the number of PS I units.
Simultaneously, the transcription of PS II reaction centre genes is suppressed to
decrease the number of PS II units. An opposite chloroplast transcriptional response,
that is, up-regulation of PS II genes and down-regulation of PS I genes, is seen in
light conditions that favour PS I (Pfannschmidt et al., 1999a). An alternative model
of photosystem stoichiometry adjustment, which involves only the regulation of PS I
amount, has been supported by studies in cyanobacteria (Fujita, 1997),
Chlamydomonas (Murakami et al., 1997a) and some plant species (Fey et al., 2005b,
Pfannschmidt et al., 1999a, Tullberg et al., 2000).
Photosystem stoichiometry adjustment, which operates on a timescale of
hours or days, also involves redox-regulated transcriptional regulation of nuclear-
encoded photosystem genes (Pfannschmidt et al., 2001, Schutze et al., 2008). As will
be discussed later, the rapid transcriptional regulation of chloroplast-encoded core
reaction centre proteins has the upper hand in setting the rhythm of the biogenesis of
electron transfer complexes in thylakoid membranes. Different plant systems and
transcript quantifying methods have been used to demonstrate redox-regulated
chloroplast gene transcription. Redox-responsive chloroplast transcriptional
regulation has been demonstrated in higher plants such as mustard and pea as well as
in the unicellular alga, Chlamydomonas, using northern blotting techniques
(Pfannschmidt et al., 1999a, Tullberg et al., 2000, Kovacs et al., 2000). Using
primer-extension analysis and quantitative PCR (qPCR), the transcriptional
regulation of psaA gene, which encodes for the PS I reaction centre apoprotein A,
has been shown in Arabidopsis (Puthiyaveetil and Allen, 2008, Fey et al., 2005b).
The latter method has also revealed a greater magnitude of redox-regulation of psaA
transcription in Arabidopsis (Puthiyaveetil and Allen, 2008). The transcription of the
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psaA gene has consistently responded in a functionally intelligible way to changes in
the redox state of PQ in all of these studies, while the transcription of the psbA gene,
which encodes for the D1 reaction centre apoprotein of PS II, responded only in
some of the plant species tested (Pfannschmidt et al., 1999a).
As shown by run-on transcriptional assays, PQ-responsive transcriptional
regulation in chloroplasts originates from transcriptional activation or repression of
specific chloroplast genes. The mechanism that connects the redox-state of PQ pool
to the chloroplast transcriptional machinery, however, is unknown. Apart from the
light quality induced, PQ-mediated transcriptional responses, changes in light
fluence rate (light quantity) also affect transcription of chloroplast genes (Baena-
Gonzalez et al., 2001) as well as nuclear photosynthetic genes (Lopez-Juez et al.,
2007). This light intensity induced transcriptional response is also mediated by
changes in the redox state of photosynthetic electron carriers. In higher plants a thiol-
mediated increase in the general chloroplast transcriptional activity is known to
occur under high light conditions (Baena-Gonzalez et al., 2001). This transcriptional
response, signalled by the redox state of glutathione, operates through
phosphorylation of the plastid encoded RNA polymerase (PEP) by a serine/threonine
kinase known as Plastid Transcription Kinase (PTK).
Photosystem stoichiometry adjustments also occur in cyanobacteria, in
response to changes in both quality and quantity of incident light (El Bissati and
Kirilovsky, 2001, Fujita, 1997, Murakami et al., 1997b, Hihara et al., 2002, Herranen
et al., 2005). The redox state of PQ or of something close to it, is shown to be the
signal that initiates the transcriptional response of photosystem genes in
cyanobacteria. A redox-responsive two-component system known as RppAB has
been implicated in the cyanobacterial photosystem stoichiometry adjustments (Li and
Sherman, 2000). This regulatory scheme, however, has been challenged by a recent
study (Lopez-Maury et al., 2002), which showed that the RppAB system instead, is
involved in nickel sensing. The phenotype observed in the earlier study (Li and
Sherman, 2000) was attributed to the cross-talk between different two-component
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systems. In cyanobacteria, what is at dispute then is the identity and not the role of
two-component system in photosystem stoichiometry adjustments. This then raises
the question, have chloroplasts retained one or more of these two-component systems
(Figure 1.7) from their cyanobacterial ancestors as on-off switches of chloroplast
transcription?
1.9 Too reluctant to relinquish: chloroplast two-component systems in non-
green algae
Sequencing of chloroplast genomes is a routine exercise in molecular systematics of
plants and algae. Chloroplast DNA sequencing has thus resolved many cladistic
disputes.  It has also revealed some unexpected genes in chloroplasts, for example
subunits of NAD(P) dehydrogenase. Other unexpected genes show sequence
similarity to genes for regulatory proteins that were once thought to be confined to
bacteria. These are the genes encoding two-component systems. The repertoire of
chloroplast-encoded two component systems in non-green algae consists of a sensor
kinase and two response regulators. In non-green algae, chloroplast-encoded two
component systems have been reported (Duplessis et al., 2007) in disparate
taxonomic groups such as rhodophytes, glaucophytes as well as in some other algal
groups , such as cryptophytes, haptophytes and raphidophytes, which derived their
chloroplasts from secondary endosymbiosis.
As we shall see in the coming chapters, the distribution of chloroplast-
encoded sensor kinase and response regulator components in non-green algae is far
from uniform. In some of the non-green algae, the sensor kinase and only a single
chloroplast response regulator are present, while some have both response regulators
present with the sensor. Some of them have no sensor but only response regulator
genes in their chloroplasts. A few others have chloroplasts devoid of any two-
component system genes. As to the functional role of chloroplast-encoded two-
component systems in non-green algae, no definite information exists, except that the
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sensor kinase has a putative redox sensor domain and that both of the response
regulators belong to the transcription factor family of proteins.
1.10 Whatever happened to chloroplast two-component systems in the green
lineage?
The chloroplast genome of green algae and plants, in contrast to that of non-green
algae, contain no two-component system genes. The prevalence of chloroplast genes
for two-component systems in non-green algae and their curious absence in green
algae and plants made some authors (Simpson and Stern, 2002) to wonder “If two-
component systems are common in non-greens, what has become of them in the
chlorophyte lineage”? Can this apparent absence of chloroplast genes for two-
component systems mean the complete loss of these proteins from the chloroplasts of
the green lineage? Chloroplast two-component system or any other chloroplast
regulatory proteins, according to the CORR hypothesis, belong to the major class of
proteins, whose genes need not be redox-regulated and hence can be relocated to the
nucleus (Allen, 2003b).
In credence to this view, two-component genes have been identified in the
nuclear genome of green algae and plants (Saito, 2001, Thomason and Kay, 2000).
The discovery of the ethylene receptor in 1993 is in fact the first report of a two-
component system gene in the nuclear genome of plants (Chang et al., 1993). This
finding has also the distinction of being the first ever report of a two-component
system gene in eukaryotes. Numerous two-component system genes have since been
identified in the nuclear genome of green algae and plants. Thus the absence of
chloroplast-encoded two-component systems in green algae and plants does not
exclude the possibility that these regulatory systems persist in the chloroplast of
green algae and plants as products of relocated nuclear genes.
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1.11 My PhD research
My PhD research was aimed at finding out whether two-component signalling
systems exist in chloroplasts of green algae and plants, as predicted by the CORR
hypothesis. If chloroplast two-component systems are to be found in the green
lineage, my research intends to characterise the function of these proteins in
regulating chloroplast gene transcription. This thesis research also explores and
analyses the general function, distribution, and evolution of chloroplast two-
component systems in photosynthetic eukaryotes as a whole. The model higher plant
Arabidopsis thaliana was used as the main experimental organism for the research
described in this thesis. Sequence analysis tools and basic techniques in molecular
biology, biochemistry, genetics and cell biology were used in the research described
here.
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2.1 Plant material and growth conditions
Arabidopsis thaliana seedlings were grown from seed on soil at 24 ºC at a photon
flux density of 100 µE m-2 s-1 with an 8-hour day and 16-hour dark photoperiod
unless otherwise specified. Chlorophyll a/b ratios were determined from plants that
were 2-4 weeks old and grown under two days of light 1, light 2 or white light. For
quantifying the transcript accumulation kinetics of the psaA gene in response to light
quality changes, Wild Type (Col-0) and CSK knockout mutant Arabidopsis lines
were grown in white light (100 µE m-2 s-1; 16-hour day) for 12 days and then
transferred to Light 1 or Light 2 cabinets (Figure 2.1) and allowed to acclimate for 4
days. At the end of the 4th day, light 1 was replaced by light 2 and vice versa. Leaves
from 2-3 plants were collected for RNA extraction before the light switch and at
various time points extending to 32 hours after it.
For studying short-term (≤ 60 minutes) changes in chloroplast transcriptional
activity in response to the light 1 to light 2 switch using run-on assays, wild type and
CSK knockout mutants were grown from germination in white light (80-100 µE m-2
s-1; 16-hour day) for 4 weeks. Plants were then moved to light 1 for 4 days
(continuous light, no photoperiod). On the 4th day, light 1 was replaced with light 2.
Leaves from 8-9 plants were collected for the run-on assay before switching light 1
to 2 (zero time) and at 30 minutes and 60 minutes after the light switch. For studying
long-term (days) changes in the chloroplast transcriptional activity in response to
alterations in the quality of incident light, wild type and CSK knockout mutants were
grown in white light as described earlier for run-on experiment. Plants were then
moved to light 1 or light 2 for 7 days or alternatively plants were moved first to light
1 for 4 days and then shifted to light 2 for 3 days or vice versa. Each of the above
four light conditions consists of continuous illumination as experiments described
earlier. Leaves were collected for run-on assays at the end of each of the above four
light regimes.
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Figure 2.1 Photosystem-specific illumination conditions. (A) “Light 1”, which selects PS I is rich in
far red light components, while “Light 2”, which selects PS II, is rich in short wavelength components
such as orange. Photograph of the growth cabinets with front curtains partly raised. Photograph taken
with a Canon PowerShot A520 camera with Auto exposure, daylight setting and no colour correction
(B) Spectral composition of lights 1 and light 2 as measured in similar growth cabinets with the same
light sources and optical filters. (Figure 2.1B adapted from (Wagner et al., 2008))
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Light 1 (Figure 2.1) was provided by two red fluorescent strip lamps (Osram
L 18W/60 Red from Osram GmbH, Hellabrunner Straße 1, 81536 München
Germany) each wrapped in red filter (Lee 027 medium red from Lee Filters,
Andover, Hants, U.K.). Light 2 (Figure 2.1) was provided by two white fluorescent
strip lamps (Osram L 18W/827 Lumillux) each wrapped in orange filter (Lee 105
Orange). The photon flux density at the highest leaves in light 2 was 12 µE m-2 s-1
and in light 1 was 6 µE m-2 s-1. Intensity spectra show extended red and near infra-red
components in light 1 compared with light 2 (Figure 2.1B). The selective actions of
light 1 and light 2 on photosystem I and photosystem II, respectively, were
confirmed by modulated chlorophyll fluorescence and state transition measurements
in the growth cabinet (results not shown).
2.2 Isolation of nucleic acids
2.2.1 DNA
2.2.1.1 Genomic DNA
Genomic DNA was isolated from 2-3 leaves of Arabidopsis plants with a Qiagen
DNeasy Plant mini kit. DNA was eluted in sterile distilled water.
2.2.1.2 Plasmid DNA
Plasmid DNA was isolated from 5-6 ml of overnight cultures of E. coli with Qiaprep
Spin Miniprep kit from Qiagen. Plasmid DNA was eluted in sterile distilled water.
2.2.2 RNA
Total RNA was isolated from the leaves of Arabidopsis plants with a Qiagen RNeasy
Plant mini kit. RNA was treated with RNase free DNase (Qiagen) to eliminate
possible DNA contamination.
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2.3 Quantification of nucleic acid
2.3.1 DNA
DNA concentration was estimated spectrometrically where A260 (absorbance at
wavelength 260 nm) of 1.0 corresponds to 50 µg/ml DNA. Additionally,
concentrations were checked by comparing band intensity of ethidium bromide
fluorescence on 1 % agarose gels with that from known quantities of DNA in a DNA
ladder (#SM0331, Fermentas).
2.3.2 RNA
RNA concentration was estimated spectrometrically where A260 (absorbance at
wavelength 260 nm) of 1.0 correspond to 40 µg/ml RNA.
2.4 Polymerase chain reaction (PCR)
2.4.1 Genomic PCR
Primers were purchased from MWG Biotech. Genomic DNA (10-50 ng) was used as
template in a final reaction volume of 20 µl, which also contained 0.25 µM final
concentration of each of forward and reverse primers, 125 µM final concentration of
each dNTP, 0.5 units of Taq DNA polymerase and thermopol buffer (NEB). The
reaction procedure was: denaturation at 94 ºC for 5 minutes; 35 cycles of: 1 minute at
94 ºC, 30 s at annealing temperature (varied with respect to primer); 1 min/kbp at 72
ºC. Final extension at 72 ºC for 6 minutes.
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2.4.2 Reverse Transcriptase PCR (RT-PCR)
Reverse transcriptase PCR was done in a one-step reaction. 200-500 ng RNA
template, 0.25 µM final concentration of each of the forward and reverse primers
(gene-specific), 0.2 µl of reverse transcriptase mix (Omniscript and Sensiscript,
Qiagen) and 10 µl of the 2 X RT master mix (Qiagen) containing HotstarTaq DNA
polymerase, dNTPs and the reaction buffer.  The final volume of the reaction
medium was 20 µl. The reaction procedure was: cDNA synthesis at 50 ºC for 30
minutes; activation of HotstarTaq DNA polymerase at 95 ºC for 15 minutes; 35
cycles of 15 s at 94 ºC followed by 30 s at annealing temperature (varied with respect
to primer); 1 min/kbp at 72  ºC. Final extension at 72 ºC for 6 minutes.
2.4.3 Quantitative Real-Time Reverse Transcriptase PCR (qPCR)
Real time quantitative RT PCR was performed with Quantitech SYBR green kit from
Qiagen, in a Chromo4 cycler (Bio-Rad). A ~150 bp long sequence was amplified
from the psaA and the reference gene, Actin8 transcripts. For amplifying the psaA
transcript, the forward and reverse primers used were 5’ ggcacaagcatctcaggtaa 3’ and
5’ agcccaaacaatggattcaa 3’, respectively, and for the Actin8 transcript, 5’
ttccagcagatgtggatctcta 3’ and 5’ agaaagaaatgtgatcccgtca 3’.  The forward primer for
the Actin8 transcript was designed as flanking an intron-exon boundary thus
eliminating the chances of amplifying any contaminating DNA sequences. The
optimum annealing temperature for the each primer pair was established by a
gradient PCR. The authenticities of the amplificons were confirmed by sequencing
the PCR products. Amplification efficiency for each primer pair was calculated by a
16-fold serial dilution of the template and the R2 value for each primer pair was
found to be ≥0.99. A non-template control reaction was done for each primer pair to
check whether template-contamination or primer dimers contribute to the
fluorescence signals observed. Small fluorescence signals at very late cycle numbers
were seen in non-template control reactions for some primer pairs. These signals are
likely to have arisen from primer dimers. A non-RT (non-Reverse Transcriptase)
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control reaction was also included to check for amplification from any contaminated
DNA and it was found that, like non-template controls, a slight fluorescence signal
appeared at very late cycle numbers. For measuring the transcription kinetics of light
switch samples, RNA was pooled from 2-3 plants and 3 technical replicates were
used for each reaction. Expression values were normalized to total RNA. The
quantitative real-time PCR technique used here is relative quantification based on
comparative CT method (Cikos et al., 2007).
2.5 Restriction digestion
Restriction digestions were carried out in a final volume of 50 µl, using
recommended buffer in conjunction with recommended units of enzyme. Bovine
serum albumin (BSA) was added where appropriate. Restriction digestion was
carried out at 37 ºC for 2-3 hours unless otherwise specified. Restriction enzymes
were purchased from NEB.
2.6 Ligation
Ligations were carried out in 20 µl final volumes at 16 ºC overnight. Reaction tubes
contained vector and insert in a ratio of approximately 1:3. T4 DNA ligase (NEB)
was used in conjunction with recommended buffer.
2.7 DNA sequencing
1 µg of purified plasmid DNA or 2 ng/µl of PCR amplificons (>300 bp) were
sequenced with standard or custom synthesised sequencing primers by the MWG
Biotech sequencing service (Germany).
2.8 Sub-cellular localization methods
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2.8.1 Transient expression of GFP fusion protein and protein import in vivo
Two gene fusions between Arabidopsis CSK and the gene encoding the jellyfish
green fluorescent protein (GFP) were constructed to investigate the subcellular
targeting of CSK–GFP fusion proteins. The construct pCSK1–GFP was generated by
amplifying a CSK cDNA fragment comprising 54 bp of the 5’UTR and the first 139
codons using Phusion DNA polymerase (New England Biolabs, NJ) and the
oligonucleotide primers PK-F (5’ ctaggatccgagagtttcagtctcagccacaaagtaa 3’;
sequence in bold represents a BamH I cleavage site) and PK-R1 (5’
gtataggcctcgagagtactgcgtttggatcaacgat 3’; sequence in bold represents a Stu I
cleavage site). The amplified cDNA was digested with BamH I and Stu I and cloned
in-frame with the GFP orf in the expression vector as described (Helliwell et al.,
2001). The construct pCSK2-GFP contains a cDNA fragment possessing the same 5’
end but with the entire CSK ORF (without its stop codon) fused in-frame with GFP.
This cDNA fragment was amplified using the primer pair PK-F and PK-R2 (5’
gtataggccttgcttcattggcttcagatactgctg 3’).  Transcriptional control of the CSK-GFP
gene fusions was provided by the cauliflower  mosaic virus (CaMV) 35S promoter,
and transcription termination and polyadenylation signals were provided by the
nopaline synthase (nos) terminator (Helliwell et al., 2001). Leaves of Nicotiana
tabacum (tobacco) were bombarded with tungsten particles (0.7 µm) coated with
pCSK1–GFP or pCSK2–GFP using a Bio-Rad PDS-1000/He particle delivery
system, as described (Hibberd et al., 1998). After 24-48 hr, leaf samples of 2 x 2 mm
were mounted in water on a glass slide and viewed by scanning laser microscopy
(TCS-NT, DMRXA light microscope stand, Leica Microsystems Wetzlar GmbH,
Germany). Images of GFP and chlorophyll fluorescence, using an excitation
wavelength of 488 nm, were collected through TRITC and FITC filters, respectively.
2.8.2 Chloroplast import of radio-labelled protein precursor
Pea seedlings (Pisum sativum, var. Kelvedon Wonder) were grown and then
harvested at 9 days old. Chloroplasts were isolated from the leaf tips as described
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(Brock et al., 1993). A full-length and a truncated CSK cDNA clones were obtained
from Genoscope (Paris) and the CSK precursor was synthesised by the method
described previously (James et al., 1989) using SP6 RNA-polymerase for cDNA
transcription followed by translation in a wheat germ cell-free system in the presence
of [35S] methionine. Chloroplast import assays were conducted as before (Mould and
Robinson, 1991). Subsequent chloroplast fractionation and protease treatments are
done as described before (Di Cola et al., 2005). Controls for chloroplast fractionation
were based on published work (Friedman and Keegstra, 1989). An identical import
reaction was conducted omitting additional ATP, with the chloroplasts on ice, in the
dark. These conditions promote envelope binding but inhibit import.
2.9 Over-expression and purification of GST fusion protein in E. coli
A partial cDNA clone (U13211) encoding 450 residues from the carboxy-terminus of
CSK, which includes the catalytic domain was obtained from the Arabidopsis
Biological Resource Center (ABRC). In order to over-express CSK as a GST fusion
protein in E. coli, the CSK cDNA was first double digested with EcoRI and NotI and
gel purified. The expression vector, pGEX4T2 (Amersham), was similarly double
digested and the digestion reaction was cleaned up with the qiagen cleanup kit. The
double digested CSK insert and pGEX4T2 vector were ligated with T4 DNA ligase
and the ligation products were transformed in XL1 blue cells. Recombinant plasmids
were identified by restriction digestion and the identity of CSK insert was confirmed
by DNA sequencing using standard pGEX4T2 sequencing primers.
The bacterial strain BL21(DE3) was used for the over-expression of CSK-GST
fusion protein. Expression of CSK-GST fusion protein was induced with IPTG at 0.4
mM final concentration when the bacterial cell density reached 0.6 OD. Bacterial
cells were harvested three hours after induction and the cells were lysed by
sonication. Most of the CSK-GST fusion protein was found in the insoluble fraction,
nevertheless some was also found in the soluble fraction. The CSK-GST fusion
protein in the soluble fraction was purified by affinity chromatography (Glutathione
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Sepharose). In order to prevent aggregation of CSK-GST fusion protein, 10 % (v/v)
glycerol, sucrose (1 M final concentration) and arginine hydrochloride (0.4 M final
concentration) were present in all buffers and solutions. The GST tagged CSK
protein thus obtained was used for the autophosphorylation assay described below.
2.10 Autophosphorylation assay
For the autophosphorylation assay, ~ 10 µg CSK-GST protein was taken in a 25 µl
reaction volume containing Tris (50 mM final concentration) pH 7.5, KCl (50 mM
final concentration), 10 % (v/v) glycerol, ATP (0.5 mM final concentration), 8 µCi
[γ-32P]ATP (3000 Ci/mmol), with or without DTT (2 mM final concentration) and
MgCl2 or MnCl2 or CaCl2 at a final concentration of 10 mM. The reactions were
incubated at 22 ºC for 60 minutes and terminated by adding sample buffer. The
phosphorylated proteins were subjected to SDS-12 % PAGE and blotted onto PVDF
membrane (Hybond-P, Amersham). The incorporated phosphate was visualized by
autoradiography. The identity of the autophosphorylated CSK-GST fusion protein
was confirmed by a monoclonal antibody directed against the GST tag (Novagen) of
the fusion protein (results not shown). Standard western blotting procedures
(Sambrook et al., 1989) were followed for the immunodetection of the GST tag.
Amido black staining of the same membrane was also performed to verify the
protein loading. For dephosphorylation of the phosphorylated CSK protein,
autophosphorylation of CSK protein was performed as above and 1 µl of Calf
Intestine Alkaline Phosphatase (New England Biolabs) was added to the
autophosphorylated CSK and incubated at 37 ºC for 30 minutes. Acid/alkali stability
of the incorporated phosphate is determined by incubating the membrane in HCl (1
M) or NaOH (3 M) for 2 hours at room temperature. The acid- or alkali-treated
membrane was then rinsed with water and subjected to autoradiography.
2.11 Northern analysis
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Total RNA was isolated from liquid nitrogen-ground leaf material using TRIzol
reagent (Invitrogen). Isolation was carried out according to the manufacturer’s
instructions. The RNA concentration was determined photometrically. 10-20 µg
RNA was taken for each sample and RNA was separated on a 1 % agarose gel under
denaturing conditions. RNA was then transferred to nylon membrane using the
capillary method and cross-linked with UV light. Hybridization probes were
radiolabelled by random priming with Klenow fragment. Purified, PCR generated
DNA fragment (50-100 ng; ~500 bp long) was used as the template. Membranes
were hybridized overnight at 62.5 ºC, washed, and exposed to the phosphor screen.
Signal intensities were calculated with ImageQuant software (Molecular Dynamics).
Procedures adopted for the northern analysis were essentially as described in
(Sambrook et al., 1989)
2.12 Run-on transcriptional assay of chloroplast genes
Chloroplasts for the run-on assay were prepared by the following method. Leaf
material from 9-10 plants (5 weeks old) was homogenized in 50 ml of
homogenization buffer at the specified final concentration: sorbitol (0.33 M),
HEPES/KOH (50 mM) pH 8.0, MgCl2 (1 mM), Na2-EDTA (2mM), DTT (0.3 mM)
and NaHCO3 (4 mM). Homogenate was first passed through a nylon sieve and then
through 4 layers of muslin. Filtrate was centrifuged for 1 minute at 500 RCF.
Supernatant from the above step was centrifuged at 2000 RCF for 5 minutes. The
supernatant was removed and the pellet resuspended in a small volume of
homogenization buffer. Chlorophyll concentration was estimated and chloroplasts
equivalent to 30 µg chlorophyll (1-1.5 x 106 chloroplasts) were used for the run-on
assay.
Chloroplasts run-on assays were performed essentially as described (Mullet
and Klein, 1987). Microcentrifuge tubes containing 75 µl of run-on reaction buffer
were warmed to 24 ºC and transcription was initiated by adding 25 µl of lysed
chloroplasts (equivalent to 30 µg chlorophyll). The reaction medium (final volume
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100 µl) contained the following at the specified final concentration: HEPES/KOH,
pH 8.0 (50 mM); MgCl2 (10 mM); KAc (25 mM); DTT (10 mM); heparin (0.55
mg/ml); ATP/GTP/CTP (125 µM each); unlabelled UTP (10 µM); [α-32P]UTP (55
µCi; specific activity, 800 Ci/mmol). Run-on transcription was carried out for 7
minutes and the reaction was diluted with 100 µl of H2O and incubated on ice. 200 µl
of Phenol-Chloroform-IAA was added to the reaction mixture and mixed by
vigorous shaking, followed by centrifugation at 12000 rpm for 5 minutes at 4 ºC. The
aqueous phase (supernatant) was carefully removed and the phenol phase discarded.
To the aqueous phase, 5 µl of RNase inhibitor (Fermentas) and 5 µl RNase free
DNase (Fermentas) were added and incubated at 37 ºC for 20 minutes. 200 µl of
Phenol-Chloroform was added to the reaction mixture and mixed by rigorous
shaking. The reaction mixture was then centrifuged at 12000 rpm for 5 minutes at 4
ºC. The supernatant was carefully removed and the phenol phase discarded.
One volume of RNA-extraction buffer (contained the following at the
specified final concentration: Tris-Cl, pH 9.0 (1 M); SDS (1% w/v); EDTA (10
mM)) was added to the supernatant.  The reaction mixture was centrifuged at 12000
rpm for 5 minutes. 1/10 volume of 3 M NaAc, pH 5.2 and 2 volumes of EtOH were
added to the supernatant from the last step. This reaction mixture was incubated in
liquid N2 for 15 minutes and allowed to thaw on ice for another 15 minutes. This
incubation was followed by centrifugation at 12000 rpm for 15 minutes at 4 ºC and
the supernatant was discarded. The pelleted RNA was washed two times in 70 %
EtOH. Each wash consists of a centrifugation at 12000 rpm for 5 minutes. The RNA
pellet was then dried under vacuum (speed vac 2 minutes). Alternatively RNA pellet
can be air dried for 30 minutes. The RNA pellet was resuspended in 20 µl of sterile
H2O and the RNA solubilized by moderate shaking at room temperature for 30
minutes.  This was followed by denaturation of RNA at 65 ºC for 5 minutes.
Denatured RNA was incubated on ice for 1 minute before hybridization with
denatured DNA probes (immobilized on nylon membrane) essentially as described in
(Sambrook et al., 1989). Membranes were then washed and exposed to the phosphor
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screen. Signal intensities were calculated with ImageQuant software (Molecular
Dynamics) and the expression values were normalized with that of rrn16.
Probes for the run-on assay were generated by PCR amplifying 200 - 500 bp
fragment from the 5’ end of the first exon of the selected genes. The following
primer pairs were used for the PCR. PsaA_F, 5’ aggcttccacagttttggttt 3’, PsaA_R, 5’
cccaaacatctgactgcattt 3’; PsaI_F, 5’ tctaaaaacatatctttccgtagca 3’, PsaI_R, 5’
gggaaatgttaatgcatctgg 3’; PsbA_F, 5’ cttctgcagctattggattgc 3’, PsbA_R, 5’
cattttctgtggtttccctga 3’; PsbB_F, 5’ gctgacgtcccgtttagaag 3’, PsbB_R, 5’
tagcaccatgccaaatgtgt 3’; PsbD_F, 5’ ttccgtgcttttaacccaac 3’, PsbD_R, 5’
ccatccaagcacgaatacct 3’; NdhC_F, 5’ tatagaaccgatcggggatg 3’, NdhC_R, 5’
ccttttcgccatgcataaac 3’; NdhH_F, 5’ gggttgaaggagttgggatt 3’, NdhH_R, 5’
tcaaagcccctgctttctaa 3’; RbcL_F, 5’ gcgtatgtagcttarccc 3’, RbcL_R, 5’
tccccctgttaagtagtc 3’; RpoB_F, 5’ gcttcgaagatgaacctcttcc 3’, RpoB_R, 5’
ggagtaaacgaccttctagatgc 3’; ClpP_F, 5’ cctggagaaggagatacatcttgg 3’, ClpP_R, 5’
gtcagcaacagaagcccaag 3’; Rps14_F, 5’ tcatttgattcgtcgatcctc 3’, Rps14_R, 5’
acgtcgatgaagacgtgtagg 3’; TrnE_F, 5’ agctagtcataccatttcatttca 3’, TrnE_R, 5’
cccaggggaagtcgaatc  3’; Rrn16_F, 5’ tcatggagagttcgatcctg 3’, Rrn16_R, 5’
gctttacgcccaatcattcc 3’. PCR fragments were gel purified. For each probe, 50-100 ng
of DNA was denatured with 0.5 M NaOH and spotted on a nylon membrane using a
slot blotter. DNA probes were then cross-linked to the membrane with UV.
2.13 Quantification of chlorophylls
Chlorophylls were extracted in 80 % acetone and chlorophyll concentration was
determined spectroscopically by methods established by Porra et al as described in
(Pfannschmidt et al., 1999b).
2.14 Sequence analysis
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Sequence similarity searches were performed with blastp, tblastn and psiblast
programs (Altschul et al., 1990). Sub-cellular localization prediction was carried out
with the programs TargetP (Emanuelsson et al., 2000), ChloroP (Emanuelsson et al.,
1999), WoLF PSORT (Horton et al., 2007), PCLR (Schein et al., 2001) and Predotar
(Small et al., 2004). Domains and motifs were identified using SMART (Schultz et
al., 1998) and InterPro databases (Quevillon et al., 2005). Sequence alignment was
generated with ClustalW (Larkin et al., 2007) and the alignment was edited with
Jalview (Clamp et al., 2004). Secondary structures are predicted with JNet (Cole et
al., 2008).
2.15 Phylogenetic tree reconstruction
Multiple alignment of the amino acid sequence corresponding to the kinase domain
of CSK and its homologues (as delineated by SMART database) was generated
across a representative selection of photosynthetic eukaryotes and cyanobacteria.
Sequences were retrieved from both JGI and GENBANK databases. The multiple
alignment was generated using CLUSTAL X and adjusted manually using MacClade
4.06. CSK tree was reconstructed from 91 characters. Bayesian phylogeny was
generated using Mr. Bayes 3.1 (Ronquist and Huelsenbeck, 2003) from 2,000,000
generations divided between two parallel runs of 1,000,000 each with sampling
every 1,000 generations. Although the likelihoods for both trees rapidly reached a
plateau, 100 burn-in trees were nevertheless removed from both chains when
computing the Bayesian topology. The substitution model was inferred using a
mixed model of amino acid substitution, and rate across sites variation was modeled
on a discrete gamma distribution approximated using 4 gamma categories and 1
category of invariable sites. Bootstraps were generated using PHYML 2.4.5
(Guindon and Gascuel, 2003) using the WAG substitution model and rate across
sites variation modeled on an approximate gamma distribution using 4 gamma
categories and one category of invariable sites.
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3.1 Introduction
The chloroplast genome of the ancient red alga Porphyra purpurea, when sequenced
in 1993, had, among other typical chloroplast genes, what the authors called “an
intriguing gene.” This gene, known as trsB (for transcriptional regulatory system),
was intriguing because it showed similarity to the then known bacterial sensor kinase
EnvZ, and was hitherto unknown in sequenced chloroplast genomes (Reith and
Munholland, 1993). TrsB has since been variously known as Dfr in Gracilaria
tenuistipitata, Tsg1 in Heterosigma akashiwo or simply as ycf26 in Porphyra
purpurea (Duplessis et al., 2007). As more plastid genomes were sequenced, it
became apparent that this histidine sensor kinase gene was limited in its phylogenetic
distribution:  ycf26 is found only in some non-green algal chloroplasts, and is
completely unknown in chloroplasts of green algae and land plants. Moreover, the
phylogenetic distribution of ycf26 in non-green algae is also found to be
discontinuous, as it is absent from chloroplasts of red algae such as Cyanidioschyzon
merolae and from chloroplasts of diatoms such as Phaeodactylum tricornutum and
Thalassiosira pseudonana (Duplessis et al., 2007).
Although chloroplast–encoded sensor kinases are unknown in green algae
and land plants, the sequencing of their nuclear genomes has now revealed many
genes encoding two-component proteins. In the model higher plant Arabidopsis
thaliana, there are 54 of such genes and at least 16 of them encode putative sensor
kinases (Hwang et al., 2002). If chloroplast sensor kinases, like the majority of
chloroplast proteins, can be made in the cytosol and imported into chloroplasts as
nuclear gene products (discussed in chapter 1), then their genes will have been
relocated, in evolution, to the nuclear genome of green algae and plants.
Chloroplast proteins whose genes have been relocated to the nucleus are
synthesized in the cytosol in a precursor form that contains a transit peptide at the N-
terminal region. This transit peptide or signal peptide specifies the information for
chloroplast location. The amino acid composition of chloroplast transit peptides
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shows some common characteristics, which can be of diagnostic value in identifying
chloroplast proteins (Bruce, 2001). The N-terminal stretch of ~ 10 amino acids in the
chloroplast transit peptide is mostly devoid of charged residues. The region that
follows this uncharged stretch is rich in serine or threonine residues.  These common
sequence features of chloroplast transit peptides have been exploited by various sub-
cellular prediction programs, which can predict the chloroplast location with a
relatively high degree of success (Richly and Leister, 2004).
To examine the possibility that chloroplasts of green algae and plants have
one or more sensor kinases as nuclear gene products, I used a genomic approach. The
genomic approach was necessitated by some of the unique properties of histidine
kinases, which make their identification by other methods difficult.  The instability
of phosphohistidine in conventional phosphoamino acid analysis makes its
identification by biochemical methods challenging (Klumpp and Krieglstein, 2002).
This is in addition to an often-overlooked fact that these proteins are present in very
low abundance. The sub-stoichiometric amounts of regulatory proteins such as
histidine kinases are further testified by the complete absence of these proteins in the
proteomics studies of chloroplasts undertaken so far (Kleffmann et al., 2006).
The genomic approach used in identifying sensor kinases in chloroplasts
involved, firstly, finding all sensor kinase genes in the genome and secondly,
predicting their sub-cellular location. This approach was applied to the completely
sequenced genome of the model higher plant Arabidopsis thaliana. In choosing
Arabidopsis, there were additional considerations such as the availability of sequence
analysis tools and other resources developed around its fully sequenced genome. The
suitability of Arabidopsis for molecular genetics studies and, most importantly, the
availability of tagged mutant lines in this model organism (Alonso et al., 2003)
would make possible the characterisation of any candidate chloroplast sensor kinase
identified in our genomics approach.
3.2 Chloroplast Sensor Kinase in Arabidoposis thaliana
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Sensor kinases in the Arabidopsis genome were first identified by sequence
similarity searches. Similarity searches were performed with conserved functional
domains of known bacterial histidine kinases such as ArcB (Iuchi and Lin, 1992),
RegB (Bauer et al., 2003) and EnvZ (Mizuno et al., 1982). Additionally,
cyanobacterial sensor kinases such as RppB (Li and Sherman, 2000) and Hik33
(Hsiao et al., 2004) were used to search with the excellent Arabidopsis genome
database housed by The Arabidopsis Information Resource (TAIR,
http://www.arabidopsis.org/). Depending on which histidine kinase protein sequence
is used for the similarity search, a set of 12-17 histidine kinases can be retrieved.
In order to ensure that all putative histidine sensor kinases in the Arabidopsis
genome had been identified by the similarity searches used, additional sequence
analyses were performed with secondary databases such as SMART (Schultz et al.,
1998), Pfam (Finn et al., 2006) and InterPro (Quevillon et al., 2005).
The SMART database, in addition to storing protein families, domains,
motifs and repeats, allows the identification and annotation of known domains and
motifs in a protein sequence. Conversely, protein sequences that contain a particular
domain or domains can be retrieved from the SMART database. The SMART
database recognizes two sub-domains in the conserved kinase domain of sensor
histidine kinases: the HisKA domain and the HATPase_c domain. The HisKA
domain is the site of autophosphorylation and dimerization, and the HATPase_c
domain is the ATP binding domain. The latter domain is found in three major classes
of ATP binding proteins; histidine kinases, DNA gyrase B and phytochrome-like
ATPases (Dutta and Inouye, 2000). Additionally this domain can be found in heat
shock protein HSP90 and DNA mismatch repair proteins (Dutta and Inouye, 2000).
The SMART database identifies 22 distinct proteins with the HisKA domain,
46 proteins with HATPase_c domain and 17 proteins with both HisKA and
HATPase_c domains in the Arabidopsis thaliana genome database. The large
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number of protein sequences with the HATPase_c domain reflects the presence of
topoisomerases, heat shock proteins and DNA repair proteins in the retrieved
sequences, in addition to histidine kinases.
Putative Arabidopsis histidine kinases identified in sequence similarity
searches and other methods were then fed into the sub-cellular prediction programs
TargetP (Emanuelsson et al., 2000), ChloroP (Emanuelsson et al., 1999), iPSORT
(Bannai et al., 2002), WoLF PSORT (Horton et al., 2007), PCLR (Schein et al.,
2001) and Predotar (Small et al., 2004). Interestingly, only one histidine kinase, the
gene product of the At1g67840 locus in Arabidopsis thaliana, is predicted to be
located in chloroplasts. We named this putative sensor kinase of Arabidopsis
chloroplasts Chloroplast Sensor Kinase (CSK) in view of its predicted chloroplast
location and its similarity to bacterial sensor histidine kinases.
3.3 Gene and protein sequence features of CSK
Chloroplast Sensor Kinase (CSK) is encoded by the Arabidopsis thaliana gene locus,
At1g67840. Full-length cDNA clones and Expressed Sequence Tags (ESTs) support
a gene model in which CSK codes for a 611 amino acid long CSK protein. CSK has a
predicted molecular weight of 66 kDa, which is further supported by the observation
that a full-length CSK cDNA clone can be transcribed and translated into a 66 kDa
protein in vitro (Chapter 4).
The N-terminal region of the CSK protein shows features of a typical
chloroplast transit peptide.  No clear transmembrane domains can be predicted in
CSK. The absence of predicted transmembrane regions argues against CSK being an
intrinsic thylakoid membrane protein. The predicted amino acid sequence of CSK
and its homologues from whole genomes or expressed sequence tags, can be aligned
with sequences of three canonical bacterial sensor histidine kinases and with the
sequence of the ycf26 sensor kinase (Figure 3.1). The three bacterial sensor kinases
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ArcB, RegB and EnvZ and ycf26 each contain a histidine residue that is the site of
autophosphorylation by phosphoryl group transfer from ATP (Figure 3.1). This
histidine is retained in CSKs of the red alga Cyanidioschyzon merolae and of the
diatoms Phaeodactylum tricornutum and Thalassiosira pseudonana (Figure 3.1). In
contrast, Arabidopsis thaliana CSK and other plant CSKs contain an homologous
“H-box” motif in which the histidine phosphorylation site has been replaced by a
glutamic acid residue (Figure 3.1). In further contrast, the histidine phosphorylation
site has been replaced by a tyrosine residue in the CSK of the chlorophycean alga
Ostreococcus lucimarinus (Figure 3.1).
On the other hand, the sequence motifs, N; G1; F; G2; and G3, of the ATP-
binding domain of the bacterial sensor kinases and the ycf26 sensor kinase are
common to all CSK proteins (Figure 3.2). Further sequence analysis shows a GAF
domain, N-terminal to the kinase domain, as the likely sensor domain in CSK and its
homologues (Figure 3.3). Secondary databases SMART and InterPro clearly
recognize the GAF domain present in algal and moss CSK homologues (Figure 3.3).
Even though GAF domains in plant CSK homologues show sequence homology with
bacterial GAF domains, they are not clearly identifiable in SMART and InterPro
database searches.
3.4 CSK in the DNA microarray database
The availability of the complete genome sequence of Arabidopsis thaliana paved the
way for large-scale, high throughput gene expression studies in this model organism.
Large-scale gene expression studies aided by the DNA microarray technology have
resulted in a deluge of expression data in Arabidopsis. Various computational tools
have been developed in order to store, retrieve and analyse these huge amounts of
expression data and most of these data have been made publicly available. It is thus
possible that one can analyse the expression pattern of one’s favourite gene(s) in
these datasets, without actually performing the microarray experiments oneself.
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Figure 3.3 Predicted domain architecture of CSK. The amino (NH2) and carboxy termini (COOH) are
indicated. The white rectangle at the amino terminus represents the chloroplast transit peptide. For
some CSKs, no GAF sensor domain can be discerned in database searches. Likewise, the conserved
histidine autophosphorylation site in the kinase domain (yellow diamond) has been lost in green algal
and plant CSKs. “ATP” in the kinase domain denotes the ATP binding domain.
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Analysis of the expression of the CSK gene in publicly available expression
databases showed that the CSK is well represented in different datasets. The Spot
history tool (NASCArrays, http://affymetrix.arabidopsis.info/narrays/spothistory.pl)
shows how a gene is expressed over all the experiments in the database. The spot
history tool reports that the experimental condition “Systemic signalling of irradiance
and CO2 concentration in Arabidopsis” registers the highest expression of CSK gene.
The lowest expression of CSK gene corresponds to “Control of lignification”. A
similar program called AtGenExpress Visualization tool  (AVT,
http://jsp.weigelworld.org/expviz/expviz.jsp) finds that, under different light
conditions tested, only illumination with blue light or far red light causes a relative
u p r e g u l a t i o n  o f  C S K  gene. The g e n e  s w i n g e r  tool
(http://affymetrix.arabidopsis.info/narrays/geneswinger.pl) shows experiments where
a given gene is highly variable over all the experiments in the database. The gene
swinger tool lists cold, drought and oxidative stress as treatments after which CSK
expression varies to a great extent. The expression angler (Toufighi et al., 2005),
finds co-regulated genes in different expression datasets. This program always
groups CSK gene along with known photosynthetic genes.
3.5 Tissue specific expression of CSK
In order to find out whether the expression of CSK gene follows a tissue specific
pattern, expression databases were analysed with a publicly available program called
Arabidopsis eFP browser (Winter et al., 2007). This program creates an “electronic
fluorescent pictographic” representation of the expression pattern of the gene of
interest. Expression values are derived from datasets named “developmental”,
“stress”, and “hormonal series” of Arabidopsis (Winter et al., 2007). It was found
that the CSK gene is maximally expressed in leaves and other photosynthetic tissues
(Figure 3.4). Non-photosynthetic tissues such as roots, mature siliques, seeds and
pollen grains showed low or no expression of CSK gene (Figure 3.4). This
expression pattern of CSK was consistent in different datasets. CSK expression was
seen decreasing with increasing age of the leaf. Amongst different leaf types, leaves
72
Chapter Three
Chloroplast sensor kinases  3
Figure 3.4 Tissue-specific expression of CSK. An electronic fluorescent pictograph showing the
expression of the CSK  gene in different tissue types and at various developmental stages of
Arabidopsis thaliana. This pictograph was generated using the Arabidopis eFP browser
(http://www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). The microarray dataset used was
“developmental series” of Arabidopisis. Various tissue types and developmental stages are labelled on
the pictograph. Tissue types are coloured according to the expression level of the CSK gene. The
colour key is given on the left. High expression levels are represented by the red colour. Expression
values given in the colour key are fluorescent intensities obtained from the original microarray
experiment (developmental series). The “magnifying glass” icon on the image was intended for
zooming-in to a tissue-specific dataset from the “output” window of the Arabidopis eFP browser.
.
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that were borne on the inflorescence axis showed the highest expression of CSK
(Figure 3.4).
3.6 Discussion
The first reported occurrence of a sensor kinase in chloroplasts refers to the plastid-
encoded ycf26 sensor of non-green algae. Although quite prevalent in some non-
green algal groups, this sensor kinase is neither universal in non-green algae nor is it
reported in green algae and land plants (Duplessis et al., 2007). So far, ycf26 has
been found in rhodophytes, Porphyra purpurea, P. yezoensis, Cyanidium caldarium,
Gracilaria tenuistipitata; in haptophytes, Emiliania huxleyi and in raphidophytes,
Heterosigma akashiwo (Duplessis et al., 2007). Our analysis additionally finds this
kinase in the cryptophyte, Rhodomonas salina. Though limited in scope for its
distribution, this kinase has persisted in genera such as E. huxleyi, H. akashiwo and
R. salina, where the chloroplasts have been derived from a secondary symbiotic
event involving a red algal ancestor. This points to an overriding functional
requirement for this chloroplast sensor in some lineages of non-green algae.
The complete absence of genes encoding sensor kinases or two component
systems in general from the chloroplasts of green algae and land plants led many to
believe that these proteins may have become extinct in these lineages (Baena-
Gonzalez et al., 2001). The possibility of nuclear-encoded sensor kinases being
targeted to the chloroplast has been examined before (Forsberg et al., 2001) but none
was thought to have a predicted chloroplast targeting sequence (Oelmüller et al.,
2001, Wagner and Pfannschmidt, 2006, Lopez-Juez and Pyke, 2005). However, the
identification of the Chloroplast Sensor Kinase (CSK) here demonstrates that there is
indeed a nuclear-encoded sensor kinase with a chloroplast transit peptide. Other
investigators might have missed CSK because its gene is annotated “unknown
protein” and not even included as one of 16 obvious histidine kinase genes of
Arabidopsis. The obvious members of the Arabidopsis histidine kinase family
include 5 ethylene sensors, 5 phytochromes, 3-5 cytokinin sensors and a putative
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osmosensor (Hwang et al., 2002). Poor reliability of some sub-cellular prediction
programs may also explain why CSK has been missed in earlier investigations.
In contrast to the ycf26 sensor of non-green algae, the CSK gene, has a wide
phylogenetic distribution with recognizable homologues in all lineages of green
algae and plants, including some red algae and diatoms (see chapter 7). It should be
stressed that I identified only one chloroplast sensor kinase in my genomic approach
while there could be more than one sensor kinase in chloroplasts. This possibility
arises from the fact that not all histidine kinases can be identified with sequence
similarity searches. Conventional sequence similarity searches may miss sensor
kinases that are highly modified in their primary sequence. The functional domains
in these modified sensor kinases may then go undetected in secondary databases,
since these currently cannot account for all the sequence evolution in protein
families.
In addition to the gene model that encodes for the 611 amino acid long CSK,
the TAIR website lists a so called “splice variant” from the same gene locus. This
“splice variant” would encode a 445 amino acid long CSK that does not have the C-
terminal 166 amino acid residues found in the 611 amino acid long CSK.  On closer
inspection, I found that this splice variant does not really exist, and it originates from
an erroneous electronic annotation based on a single cDNA sequence. The nucleotide
sequence of this cDNA clone GSLTFB58ZE06 (as given on the GenBank accession
number BX814127), when aligned with the original coding sequence (CD) of CSK,
revealed a 4 base pair insertion. This 4 base pair insertion in the cDNA, found at the
beginning of the 8th exon, causes an apparent frameshift mutation. The frameshift
mutation introduces a premature stop codon in the 8th exon, produing a truncated
version of CSK. The 445 amino acid long CSK is thus an artefact of incorrect
electronic annotation and not a true splice variant.
Analysis of the protein sequence of CSK revealed both divergent and
conserved features. CSK appears to be an unmodified bacterial sensor histidine
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kinase in red algae and diatoms as they still retain the conserved histidine residue in
the autophosphorylation site (Figure 3.1). On the other hand, the replacement of
conserved histidine residue by a tyrosine in green algae and by a glutamate in plants
(Figure 3.1) make their CSK a modified histidine kinase. This molecular evolution in
the H-box (Figure 3.1), however, does not extend to the ATP binding domain, which
appears to be highly conserved in different CSKs (Figure 3.2). Similar molecular
evolution in H-box has been observed in plant phytochromes and plant ethylene
receptors, which are serine threonine kinases with histidine kinase ancestries
(Moussatche and Klee, 2004, Yeh and Lagarias, 1998). The possibility that the
kinase activity of CSK has been affected by its molecular evolution is examined in
chapter 6.
The predicted GAF domain in CSK might function as its sensor domain
(Figure 3.3). GAF is a small-molecule ligand-binding domain first described for
vertebrate cGMP specific phosphodiesterase, a cyanobacterial Adenylate cyclase and
the bacterial formate hydrogen lyase transcription activator FhlA (Aravind and
Ponting, 1997). GAF domains have been known to form the sensor domain in many
histidine kinases (Mascher et al., 2006). The importance of the GAF domain in the
function of CSK is further discussed in chapter 5.
The expression data clearly indicates that the CSK  gene is somehow
connected with the process of photosynthesis as it responds to factors affecting
photosynthetic performance in Arabidopsis. The expression data additionally shows
that the CSK gene is most active in photosynthetic tissues (Figure 3.4) and it is co-
regulated with other nuclear-encoded photosynthetic genes. These are clearly the
hallmark features of a chloroplast protein and furthermore these insights from the
microarray data on the functional role of CSK should inform the selection of
experimental conditions that will be used to analyse the phenotype of CSK null
mutants in Arabidopsis.
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4.1 Introduction
The Chloroplast Sensor Kinase (CSK), encoded by the Arabidopsis gene locus
At1g67840, is predicted to possess a chloroplast transit peptide (chapter 3). However,
the chloroplast location of this protein is to be demonstrated for it to be truly called a
Chloroplast Sensor Kinase. An unequivocal demonstration of the sub-cellular
localization is also a prerequisite for further functional characterization of this novel
protein. During the course of studies directed at localization of CSK, I have
collaborated with two research groups in the U.K. The outcome of this collaboration
is incorporated into this chapter (Figure 4.1-4.4).
Prof. Tony A Kavanagh and Dr. Christine Newell, working in the research
laboratory of Prof. John C Gray at the University of Cambridge, carried out the GFP
reporter-based localization studies of CSK (Figure 4.1 and figure 4.2). Mr. Peter
Cain, under the supervision of Prof. Colin Robinson at the University of Warwick,
carried out the chloroplast import of radiolabelled CSK precursor (Figure 4.3 and
figure 4.4). I provided the cDNA clones that were used for generating the
radiolabelled CSK precursor. These cDNA clones, originally obtained from the
Genoscope, Paris (http://www.genoscope.cns.fr/spip/), were extracted from E.
coli DH5α cells, and the orientation and identity of the CSK insert within the
cDNA clones were determined by me in our laboratory at Queen Mary.
4.2 CSK-GFP construct and chloroplast protein import in vivo
In order to determine the sub-cellular localization of CSK in vivo, the entire coding
sequence of CSK (encoding 611 amino acids) was cloned in frame with the reporter
gene, jellyfish Green Fluorescent Protein (GFP) (Kavanagh T.A., Cambridge
University). Tobacco epidermal cells were then transformed with this CSK-GFP
gene construct (Newell C., Cambridge University). After 48 hours, fluorescence
microscopy revealed that the transiently expressed GFP is entirely co-located with
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chlorophyll fluorescence, showing that the CSK precursor is targeted and imported
into chloroplasts (Figure 4.1) (Newell C., Cambridge University).
A second CSK-GFP construct carrying only the first 139 amino acid residues
of CSK was also transiently expressed in transformed tobacco epidermal cells. These
139 residues from the N-terminus of CSK are sufficient to target and import the GFP
protein into chloroplasts (Figure 4.2), thus confirming the chloroplast transit peptide
function of the N-terminal stretch of CSK (Kavanagh T.A. and Newell C.,
Cambridge University).
4.3 Chloroplast import of radiolabelled CSK precursor
In order to investigate further the location of CSK, two cDNA clones of CSK was
obtained (Genoscope, Paris). These clones, GSLTPGH82ZC03 and
GSLTFB58ZE06, contain full-length or truncated cDNA of CSK in a pCMV-
SPORT6 vector background. These cDNA clones were first digested with the
restriction enzyme NcoI to determine the orientation of insert with respect to the SP6
promoter. Both clones were found to have their inserts oriented to be transcribed by
the SP6 polymerase (results not shown). The identity of the insert in each cDNA
clone was confirmed by DNA sequencing using SP6 promoter primers.
The cDNA clones described above were transcribed and translated in vitro in
the presence of [35S]-methionine. A chloroplast import assay with the [35S]-
methionine-labelled CSK precursor was carried out in vitro (Cain P. and Robinson
C., Warwick University). The radiolabelled CSK protein is seen to be imported into
the chloroplast stroma and, interestingly, the transit peptide is not cleaved off, since
the imported CSK has the same molecular mass as the initial translation product
(Figure 4.3 and figure 4.4). Cleavage of the transit peptide after import is seen for
most chloroplast proteins, therefore a “low energy” binding assay (Friedman and
Keegstra, 1989) was carried out in order to ensure that CSK is a genuine chloroplast
stromal protein (Cain P. and Robinson C., Warwick University). Under these low
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Figure 4.3 Full-length CSK protein (ca. 66 kDa) transcribed and translated in vitro from the cDNA
clone GSLTPGH82ZC03 is targeted into the chloroplast stroma. (A) CSK is a stromal protein with an
unprocessed transit peptide. A chloroplast import assay with the [35S]-methionine-labelled CSK
precursor showed that the radio-labelled CSK protein is imported into the chloroplast stroma. The
protease, thermolysin digests proteins bound on the outer envelope of chloroplasts but this enzyme
cannot penetrate into chloroplasts so that the internal proteins are resistant to digestion. Thermolysin
digested chloroplasts (in lane C+) shows that the CSK precursor protein is protected from thermolysin
digestion on account of being internal to the envelope membrane (being imported into chloroplasts).
The transit peptide is not cleaved off because the imported CSK has the same molecular mass as its
precursor. (B) CSK is a genuine chloroplast stromal protein. A ‘low energy’ binding assay showed
that under low energy conditions, the radio-labelled CSK precursor binds to the chloroplast envelope,
ready for import, but remain sensitive to added thermolysin (lane C+). The positions of molecular
weight markers are indicated on the left. Tr, translation products; C, chloroplasts; C+, thermolysin
digested chloroplasts; S, stroma; T, thylakoids; T+, trypsin digested thylakoids. (Figure supplied by
Peter Cain, Warwick University)
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Figure 4.4 A truncated CSK protein (ca. 55 kDa) transcribed and translated in vitro from the cDNA
clone GSLTFB58ZE06 is targeted into the chloroplast stroma. Experimental conditions and inferences
contained in this figure are same as Figure 4.3. (Figure supplied by Peter Cain, Warwick University).
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energy conditions – low temperature, without added ATP, and in darkness –
chloroplasts are known to bind protein precursors ready for import (Friedman and
Keegstra, 1989). This is seen to be the case for CSK where the precursor protein
associates with chloroplasts, but remains sensitive to added protease (Figure 4.3 and
figure 4.4) (Cain P. and Robinson C., Warwick University).
4.4 Discussion
Chloroplast import of GFP-tagged CSK protein in vivo (Figure 4.1 and figure 4.2)
and import of [35S]-methionine-labelled CSK precursor in vitro (Figure 4.3 and
figure 4.4) independently demonstrate the chloroplast localization of CSK.
Chloroplast import of radio-labelled CSK precursor additionally provides the
information that the CSK is localized in the chloroplast stroma. This import assay
further revealed the interesting possibility that the mature CSK protein retains the
transit peptide after import. For most chloroplast proteins, the transit peptide is
usually cleaved off after import so that the mature protein has slightly lower
molecular weight than the unprocessed precursor protein. Some chloroplast proteins
nevertheless have unprocessed transit peptides. The nuclear-encoded chlorophyll a/b
binding protein CP29 of Chlamydomonas is an example of a chloroplast protein with
an unprocessed transit peptide (Turkina et al., 2004). Further studies must examine
the possibility that the CSK precursor is indeed processed after import into
chloroplasts, but that the transit peptide is too small (Figure 4.5) to be discriminated
after cleavage on a SDS-PAGE gel.
If CSK really possesses an unprocessed transit peptide, what function could it
serve after import into chloroplasts? In the Chlamydomonas CP29 protein the
unprocessed transit peptide is a site of regulatory phosphorylation and acetylation
(Turkina et al., 2004). It remains to be seen whether the unprocessed serine/threonine
rich transit peptide (Figure 4.5) will act as an autophosphorylation site in green algal
and plant CSKs as they have lost their conserved histidine autophosphorylation site
in evolution. Plant phytochromes, which have similarly lost the conserved histidine
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residue, autophosphorylate at their serine rich N-terminus (Yeh and Lagarias, 1998).
Studying the import of CSK in the red alga Cyanidioschyzon merolae and in the
diatoms, Phaeodactylum tricornutum and Thalassiosira pseudonana can further test
the possibility of an N-terminal phosphorylation site. If the unprocessed transit
peptide serves as an autophosphorylation site, CSKs in these non-green algae would
have their transit peptide (Figure 4.5) processed as they still retain the conserved
histidine autophosphorylation site.
It may be also possible that the unprocessed transit peptide is somehow
involved in assisting the function of CSK in chloroplasts. One could envisage, for
example, function in facilitating transient thylakoid membrane association of CSK;
for sensing the redox signals originating from the thylakoid membrane; and for
functional associations with components in the CSK signal transduction chain. For
the first two possibilities, there should be predictable differences in the import
properties of CSK from non-green algae and plants, as they have a different
thylakoid membrane composition in terms of light harvesting antenna and other
peripheral components.
Stromal location of CSK should be further confirmed with additional
methods. The possibility of CSK being a loosely bound thylakoid extrinsic
membrane, easily detached in the presence of mild detergents used in experimental
conditions, should be examined. Sensitive anti-CSK antibodies could be used to
confirm the sub-chloroplast location of CSK. Epitope-tagging of CSK and its over-
expression might facilitate co-isolation of CSK with its associating partners by
immunoprecipitation.
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5.1 Introduction
Having established the chloroplast location of CSK, it is time to ask what functional
role does this novel two-component sensor kinase serve in chloroplasts? The general
functional properties of two-component systems act as a useful guide for exploring
the functional role of CSK in chloroplasts. Sensor kinases of two-component systems
sense specific environmental cues and trigger appropriate responses via their cognate
response regulator proteins. Since the latter are often DNA-binding transcription
factors, the physiological responses mediated by two-component systems usually
involve regulation at the transcriptional level (Robinson et al., 2000).
From the general properties of two-component systems, it can thus be
surmised that CSK forms the molecular circuitry of transcriptional control in
chloroplasts. Is this inferred transcriptional regulatory role of CSK congruent with its
molecular evolution? It is seen that CSK, except in red algae and diatoms, appears to
be a modified sensor histidine kinase. The conserved histidine phosphorylation site
has been replaced in CSKs of green algae and plants and this modification is likely to
affect the way in which they transduce signals. A similar molecular evolution in
plant phytochromes and plant ethylene receptors, however, does not appear to have
an effect on the operation of these important proteins. The underlying mechanism of
the physiological responses mediated by phytochromes and ethylene receptors is
transcriptional in nature in both eukaryotes and prokaryotes, despite them having
been modified in eukaryotes (Quail, 1991, Alonso and Stepanova, 2004).
As detailed in the chapter 1, regulatory signals that modulate chloroplast gene
expression are now known, notably as changes in the redox state of key components
of energy transduction such as that of plastoquinone (PQ) (Pfannschmidt et al.,
1999a, Puthiyaveetil and Allen, 2008, Tullberg et al., 2000). But the mechanism that
connects photosynthetic electron transport to gene transcription in chloroplasts
remains unknown.  A CSK-like sensor kinase thus fits completely in the
transcriptional regulatory scheme of chloroplasts, which requires precise sensing and
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response to changes in photosynthetic activity.
Since the two photosystems, which are connected in series in oxygenic
photosynthesis, have different absorption and action spectra, it is possible
experimentally to select the spectral composition of light in order to favour
absorption either by photosystem I (with “light 1”) or photosystem II (with “light
2”). The preferential excitation of photosystems with light 1 or light 2, introduces
imbalance in the electron transport chain and affect the redox state of inter-
photosystem electron carriers especially that of PQ.  By using these artificial
illumination conditions (Figure 2.1, chapter 2, Materials and Methods), chloroplast
transcriptional responses can be studied in different plant systems.
Functional characterisation can also depend upon the availability of knockout
mutants for the CSK gene. As discussed in chapter 3, the selection of Arabidopsis in
this regard is benefited by the extensive collection of T-DNA tagged gene knockout
lines available in this model organism. For elucidating the functional role of CSK,
two independent T-DNA lines harbouring insertions in two different positions of the
CSK gene locus were obtained from the Arabidopsis Biological Resource Center
(ABRC). The homozygosity of the T-DNA insertion and its effect on completely
shutting down the expression of CSK gene has been verified (Appendix) before using
these T-DNA lines in the phenotypic characterisation described below.
This chapter on the functional characterization of CSK partly incorporates the
outcome of experiments done in collaboration with Lars Dietzel and Dr. Thomas
Pfannschmidt at the Friedrich-Schiller-Universität, Germany. As part of this
collaboration, I undertook two separate research visits to the laboratory of Dr.
Thomas Pfannschmidt at the Friedrich-Schiller-Universität. Data presented in Figure
5.2-5.8 specifically originate from this joint research and are preliminary.
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5.2 CSK links photosynthetic electron transport to gene expression in
chloroplasts
In order to determine whether CSK is a regulator of transcription in chloroplasts, we
examined the transcriptional response of the chloroplast psaA gene to changes in
light quality, and then compared the transcriptional response in wild-type
Arabidopsis thaliana with that in two CSK T-DNA insertion lines. It has been
demonstrated in different plant species that transcription of the psaA gene, which
encodes the photosystem I reaction centre apoprotein A, responds robustly and in a
functionally intelligible way to changes in the redox state of the electron carrier PQ
(Pfannschmidt et al., 1999a, Puthiyaveetil and Allen, 2008, Tullberg et al., 2000).
Figure 5.1 shows the complex kinetics of psaA transcript accumulation in
wild-type Arabidopsis plants. Figure 5.1 also shows clear changes in these kinetics in
the two Arabidopsis CSK-null mutants after shifts in the spectral quality of incident
light that change the redox state of plastoquinone as previously reported
(Puthiyaveetil and Allen, 2008). In both mutants tested, the transcriptional response
of CSK-mutant plants differs from that of wild-type plants. After acclimating plants
in light 1 (favouring photosystem I) condition for four days, light 1 is replaced by
light 2 (favouring photosystem II), transcripts of the chloroplast psaA gene for the
photosystem I reaction centre protein PS I-A accumulate up to 11-fold in 26 hours
for the Wild Type (Figure 5.1A), which is the normal functional response of up-
regulation of genes for photosystem I (Pfannschmidt et al., 1999a). However, CSK-
mutant plants show only a 5-fold increase in psaA gene transcription under the same
conditions (Figure 5.1A). The reverse light switch, from light 2 to light 1, produces a
2.5-fold decrease in psaA expression in the wild type, as the reaction centre of
photosystem I is repressed (Figure 5.1B). In contrast, psaA transcript quantity does
not decrease under the same conditions in CSK-mutants (Figure 5.1B). Instead, the
sign of the response is reversed, and psaA transcript quantity increases for 8 hours,
eventually falling between 26 and 32 hours (Figure 5.1B). As discussed in chapter 1,
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normal psaA transcriptional control is part of an acclimatory response in chloroplasts
called photosystem stoichiometry adjustment. The function of photosystem
stoichiometry adjustment is to compensate for any deficiency in energy conversion at
either photosystem I or photosystem II by increasing the quantity of the photosystem
that will otherwise become rate-limiting to overall photosynthesis. Since chlorophyll
b is located largely in chloroplast photosystem II, the chlorophyll a/b ratio is a
measure of the stoichiometry of photosystem I to photosystem II (Hill and Bendall,
1960). Table 5.1 shows Chl a/b ratios in wild type and CSK null mutant plants after
they were grown in 2 days of white light or light 1 or light 2. The lack of a functional
photosystem stoichiometry adjustment, as revealed by the aberrant psaA
transcriptional response, is further reflected as an inability of the CSK mutants to
control Chl a/b ratio in response to changes between light 1 and light 2 (Table 5.1).
Table 5.1 Chlorophyll a/b ratios in white-light-grown, light 2-grown and light 1-grown wild type and
CSK mutant plants
± Standard error from three independent measurements
5.3 CSK mediated gene regulation in chloroplasts involves differential promoter
usage
Since steady-state mRNA levels reflect both synthesis and degradation of transcripts,
it is important to show that the altered transcript accumulation kinetics seen in CSK
Grown in
white light
Grown under
Light 2
Grown under
Light 1
Wild type
Chl a/b ratio
2.27 ± 0.13 3.05 ± 0.03 1.55 ± 0.09
CSK mutant
Chl a/b ratio
2.32 ± 0.08 2.54 ± 0.05 2.10 ± 0.12
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null mutants results from differences in transcriptional activation/repression rather
than from relative stability of transcripts. Run-on transcription assays (chapter 2,
Material and methods) of selected chloroplast genes were performed to assess the
kinetics of transcriptional activity in CSK null mutants in response to short-term
changes in illumination conditions that affect the redox state of plastoquinone.
Chloroplast run-on transcription assay is a technique to look at chloroplast genes
being transcribed at a specific time point. Chloroplasts isolated from leaf tissues are
first lysed. The lysed chloroplasts contain transcription machinery (RNA
polymerase) stalled on the chloroplast DNA template due to acute shortage of
ribonucleotides.   Transcription can be started up again in vitro with the addition of
nucleotides. By radio-labelling nucleotides, one can observe which mRNA species
are synthesised from the stalled chloroplast gene promoters and thus which
chloroplast genes were being actively transcribed at the time chloroplasts were
isolated. By comparing the amount of radio-labelled nascent mRNA species
hybridized to gene-specific probes in different chloroplast samples taken at different
time points, one can assess the relative transcriptional activity of specific chloroplast
genes in chloroplast samples of interest.
Plants were first acclimated in light 1 condition for four days and at the end
of the 4th day, light 1 was replaced with light 2. Chloroplasts for run-on assays were
isolated from 10-12 plants harvested before the light switch (in light 1, zero time),
and after 30 minutes, and 60 minutes into the light switch (light 2). Chloroplasts
were lysed by pipetting up and down for 10-15 times and run-on transcription assays
were carried out for 7 minutes at 24 ºC. The [α-32P]UTP-labelled chloroplast
transcripts were hybridized to specific DNA probes immobilised on nylon
membrane. The amount of [α-32P]UTP incorporated was calculated by
autoradiography. Transcriptional activity of the following chloroplast genes was
assayed. PsaA encoding the PS I-A apoprotein; psaI, PS I-I subunit; psbA, D1
reaction centre apoprotein of PS II; psbB, CP47 protein of PS II; psbD, D2 reaction
centre apoprotein of PS II; ndhC, D3 subunit of NAD(P)H dehydrogenase; rbcL,
RuBisCO large subunit and rrn16 encoding the 16S rRNA.
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It is seen that in the wild type, the transcriptional activity of the psaA gene
decreases as an immediate response to changes in illumination from light 1 to light 2
(Figure 5.2). But at 60 minutes of the light switch, the psaA transcriptional activity
shows an increase over the activity seen at 30 minutes of the light switch (Figure
5.2). In CSK mutant, the increase of the psaA transcriptional activity seen in the wild
type at 60 minutes of the light switch is lacking, instead a further decrease from that
present at 30 minutes is found (Figure 5.2). The transcriptional activity of the psbA
gene in response to the light 1 to 2 switch similarly differs between wild type and the
CSK mutant (Figure 5.2). In the wild type, psbA activity shows a decrease at 30
minutes after the light switch, but at 60 minutes the psbA activity returns to the same
level as that present before the light switch (zero time) (Figure 5.2). In CSK mutant,
the psbA activity does not return to the same level as that seen at zero time, and
continues to decrease (Figure 5.2).
In the CSK mutant, transcriptional rates of photosystem genes PsaI, and psbB
differed from that of wild type in response to light switch and resembled the pattern
seen for psaA and psbA respectively (Figure 5.2). Transcriptional rate of the
photosystem gene psbD showed a similar behaviour in both CSK mutant and wild
type (Figure 5.2). However in CSK mutant, transcriptional rate at 60 minutes did not
reach the same level as that of the wild type (Figure 5.2). In the CSK mutant, non-
photosystem genes ndhC and rbcL also showed altered transcriptional activity in
response to the light switch when compared with the wild type (Figure 5.2).
In order to determine the total transcriptional activity of chloroplasts in the
above short-term light shift experiment for wild type and for the CSK mutant, a
small aliquot of the reaction product from each of the run-on assays was spotted onto
a Whatman-silica filter paper and the [α-32P]UTP incorporation was quantified. The
total [α-32P]ATP incorporation at zero time (before the light 1 to 2 switch) was
similar in both wild type and CSK mutant, but at time points 30 and 60 minutes after
the light switch, the total [α-32P]UTP incorporation was notably higher in CSK
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Figure 5.2 Transcriptional activities of selected chloroplast genes in wild type and CSK null mutant
(SALK_027360) in response to short-term changes in light quality. Wt-0, Wt-30 and Wt-60 denote
transcriptional activity in wild type at zero time (before changing light 1 with light 2) and at 30
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minutes and at 60 minutes after changing light 1 with light 2. Likewise, Mt-0, Mt-30 and Mt-60
correspond to transcriptional activity in the CSK mutant at zero, 30 and 60 minutes of the light switch.
(Unpublished results, Puthiyaveetil S., Dietzel L., Pfannschmidt T. and Allen JF, 2008).
mutant when compared to the wild type (Figure 5.3). Since most of the [α-32P]UTP is
incorporated in to the nascent mRNA species that were being transcribed in the run-
on assay, it can be concluded that the total transcriptional activity of chloroplasts in
response to the short-term light switch is higher in CSK mutants than in wild type.
In order to further characterize the transcriptional activity of chloroplast genes in
CSK mutants, run-on assays were performed with four additional light conditions.
This experiment is designed to assess the transcriptional activity in response to long-
term changes in light quality. The light condition “Light 1” refers to growing plants
continuously in light 1 for seven days; “Light 1 to 2”, four days in light 1 before
being transferred to light 2 for three days; “Light 2”, seven days in light 2 and “Light
2 to 1”, four days in light 2 and then transferred to light 1 for three days. Run-on
assays for selected chloroplast genes were performed from samples taken at the end
of the above light regimes. A few more chloroplast genes, additional to the ones
chosen in the earlier experiment, were included in this assay. They were ndhH,
encoding the H subunit of NAD(P)H dehydrogenase; rpoB, B subunit of the plastid
encoded RNA polymerase (PEP); clpP, proteolytic subunit of protease Clp; rps14,
S14 ribosomal protein and trnE encoding glutamyl-tRNA. The psaI gene, selected in
the earlier assay, was not included in this analysis. The selection of rpoB and clpP
genes was influenced by the observation that they are transcribed exclusively by the
phage-type RNA polymerase (NEP) (Lysenko and Kuznetsov, 2005).
Results of the run-on assays revealed that, in the CSK mutants, the transcriptional
activity of psaA and psbA genes were no different from that of wild type in any of
the light conditions tested (Figure 5.4). The only notable difference in the CSK
mutant, when compared to wild type, was in the transcriptional rate of psbD and
94
Chapter Five
Functional roles of CSK  5
Figure 5.3 Total transcriptional activities of chloroplasts in wild type and CSK mutant
(SALK_027360) in response to short-term changes in light quality. (A) The autoradiograph showing
the signal intensities of the radio-labelled nascent chloroplast transcripts in wild type and CSK mutant
at zero time (before replacing light 1 with light 2) and at 30 and 60 minutes after replacing light 1 with
light 2. (B) Signal intensities plotted as a bar diagram. Total transcriptional activity of chloroplasts (in
percentage) is shown on the Y-axis and samples on X-axis. Abbreviations used for samples, Wt-0,
Wt-30, Wt-60, Mt-0, Mt-30 and Mt-60, are same as in Figure 5.2. (Unpublished results, Puthiyaveetil
S., Dietzel L., Pfannschmidt T. and Allen JF, 2008).
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ndhC  genes (Figure 5.4 and figure 5.5). These genes showed an altered
transcriptional activity in response to Light 1 to 2 and Light 2 to 1 switches in the
CSK mutant (Figure 5.4 and figure 5.5).  The transcript abundance of ndhC when
quantified with northern blotting confirmed the altered transcriptional rate seen in the
run-on assay (Figure 5.6).
The sum total of the transcriptional activity of all the chosen chloroplast genes
showed that the overall chloroplast transcriptional activity was comparatively higher
in the CSK mutant (Figure 5.7). This demonstration is consistent with the earlier
observation of the elevated total chloroplast transcriptional activity of the CSK
mutant in response to short-term light 1 to 2 switch (Figure 5.3). In order to eliminate
the possibility that the higher transcriptional activity of the CSK mutant seen here
resulted from the use of unequal amounts of chloroplasts in the run-on assay,
equivalent amounts of chloroplast samples used for the run-on assay were checked
on a SDS-PAGE gel (Figure 5.8). The SDS-PAGE of chloroplast samples suggested
equal amounts of chloroplast proteins in all of the samples taken for the run-on assay
(Figure 5.8). Thus the differences in transcriptional rates cannot be ascribed to
unequal amounts of starting material in the assay.
5.4 Sequence features of CSK suggest mechanisms for redox sensing
As discussed in chapter 3, the sensor domain in CSK is likely to be formed by the
~180 amino acid long, N-terminally positioned GAF domain. The redox-sensing role
of CSK, as suggested by the functional studies of CSK null mutants (Figure 5.1-5.8),
would require a redox sensor domain in CSK. The N-terminal GAF domain could
fulfill this function. A multiple sequence alignment of the GAF domain of CSK
homologues revealed a positionally conserved cysteine residue (Figure 5.9). While
GAF domains of CSKs in Ostreococcus, Phaeodactylum and a few Synechococcus
species do not seem to have this cysteine conserved, other positionally conserved
cysteines are present in their GAF domains (Figure 5.9). The multiple sequence
alignment (Figure 5.9) also showed patches of conserved hydrophobic residues,
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Figure 5.5 Transcriptional activities of psbD and ndhC genes are represented as ratios to the psbA
gene. (A ) Transcriptional activity of psbD gene represented as ratio to the psbA gene. (B)
Transcriptional activity of ndhC gene represented as ratio to the psbA gene. Abbreviations for samples
are same as in Figure 5.4. (Unpublished results, Puthiyaveetil S., Dietzel L., Pfannschmidt T. and
Allen JF 2008).
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Figure 5.6 Transcript abundance of ndhC gene as quantified with northern blotting. (A) The
autoradiograph showing signal intensities of the ndhC transcript in different light conditions. Lower
panel shows equal loading of RNA (ribosomal) in each sample. Samples, L1, L1-2, L2 and L2-1,
correspond to light conditions, Light 1, Light 1 to 2, Light 2 and Light 2 to 1, for wild type and CSK
mutants. (B ) Signal intensities of the ndhC transcript presented as a histogram. Following
abbreviations, Wt L1, Wt L1-2, Wt L2, Wt L2-1, Mt L1, Mt L1-2, Mt L2 and Mt L2-1, are used for
light conditions, Light 1, Light 1 to 2, Light 2 and Light 2 to 1, for wild type (Wt) and CSK mutants
(Mt) respectively. (Unpublished results, Puthiyaveetil S., Dietzel L., Pfannschmidt T. and Allen JF
2008).
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Figure 5.7 Sum total of transcriptional activities of all the selected chloroplast genes in wild type and
CSK mutant (SALK_018074) in response to long-term changes in light quality. The values presented
here were derived from the data shown in Figure 5.4. Total transcriptional activity for each sample is
calculated by adding transcriptional activities of all the selected genes in the “long-term light switch
experiment.” Abbreviations used to denote samples are same as in Figure 5.6B. (Unpublished results,
Puthiyaveetil S., Dietzel L., Pfannschmidt T. and Allen JF 2008).
100
Chapter Five
Functional roles of CSK  5
Figure 5.8 SDS-PAGE shows that chloroplasts used for wild type and CSK mutant samples in the
“long-term” run-on assay were equal in amounts.  Equivalent amounts of chloroplasts used for the
run-on assay were checked on a 10% SDS-PAGE gel and stained with Coomassie. Molecular weight
markers (in kDa) are indicated on the left. The following abbreviations, Wt and Mt, were used for
wild type and CSK mutant respectively. L1, L1-2, L2 and L2-1 denote light conditions, Light 1, Light
1 to 2, Light 2 and Light 2 to 1 respectively. (Unpublished results, Puthiyaveetil S., Dietzel L.,
Pfannschmidt T. and Allen JF 2008).
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which resemble aromatic prosthetic group binding sites in proteins, in the GAF
domain of CSK. A sequence similarity search with the CSK GAF domain, using the
PSI BLAST program (Altschul et al., 1997), revealed distant homology to the
nucleotide binding sites of some metabolic enzymes.
5.5 Discussion
The loss of CSK alters the kinetics of light-quality driven transcript accumulation in
chloroplasts both qualitatively and quantitatively (Figure 5.1). Since the light-quality
induced transcriptional response is triggered by changes in the photosynthetic
electron transport chain (Fey et al., 2005b, Pfannschmidt et al., 1999a, Puthiyaveetil
and Allen, 2008, Tullberg et al., 2000), I propose that CSK couples photosynthetic
electron transport with chloroplast gene transcription. The complex kinetics and
transients of the chloroplast transcript accumulation (Figure 5.1) have been attributed
to the superimposition of an endogenous rhythm of mRNA abundance to the light
quality driven transcription (Puthiyaveetil and Allen, 2008). The endogenous rhythm
of chloroplast transcript abundance is shown to be independent of circadian rhythm
and is postulated to be dependent on the activity of the photosynthetic electron
transport chain (Doran and Cattolico, 1997). Since both the light quality and
oscillatory components of transcript accumulation are affected in CSK mutants, the
two responses, light quality and oscillatory, may therefore be governed by the CSK-
based mechanism (see chapter 9 for further discussion).
Light quality driven chloroplast transcriptional response is part of a
reprogramming of the thylakoid composition known as photosystem stoichiometry
adjustment, as discussed in chapter 1. In Chlamydomonas reinhardtii, adjustment of
photosystem stoichiometry is shown to be achieved through suppression of the
biosynthesis of PS I components (Murakami et al., 1997a), similar to that
demonstrated for the cyanobacterium, Synechocystis PCC 6714 (Fujita, 1997). If this
is how the photosystem stoichiometry adjustment is accomplished in photosynthetic
organisms, the absence of psaA transcriptional repression in the early transients of
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the light 2 to 1 switch in CSK mutants (Figure 5.1B) strengthens the suggested role
of CSK in photosystem stoichiometry adjustment. The aberrant chlorophyll a/b ratios
in CSK mutants in response to light quality changes (Table 5.1) are further indicative
of CSK’s role in regulating photosystem stoichiometry. It should be mentioned that
the transcript accumulation kinetics of the psbA gene, encoding the D1 reaction
centre apoprotein of PS II, were found to be too subtle and far less pronounced than
those of the psaA gene in response to light switches (Puthiyaveetil and Allen, 2008).
Hence transcript accumulation kinetics of the psbA gene is not included in the
analysis of the transcript accumulation kinetics reported here.
The preliminary data on chloroplast run-on transcription analysis (Figure 5.2)
demonstrates that the CSK mediated gene regulation in chloroplasts operates through
differential promoter usage. The target genes of the CSK-based transcriptional
activation/repression mechanism involve photosystem genes as well as non-
photosystem genes (Figure 5.2). Although the exact number of genes under the
control of the CSK regulatory switch remains to be determined, there are clear
indications from the run-on analysis (Figure 5.2) that the switch controls a set of
genes rather than one or two target genes. This regulatory feature of CSK is in tune
with the demonstrated properties of two-component systems, which usually exert
control over a few distinct sets of target genes by both transcriptional activation and
repression mechanisms (Li et al., 2008, Lynch and Lin, 1996).
Although run-on analysis of the transcriptional activation/repression of
chloroplast genes in response to short-term changes in light quality (Figure 5.2)
helped gain some insights into the operation of CSK, the kinetics of transcriptional
activity for the wild type controls reported here (Figure 5.2) differed from the earlier
report on mustard (Pfannschmidt et al., 1999a). In mustard, in response to light 1 to 2
switch, the psaA transcriptional activity increased up to four fold, from that present
in light 1 adapted plants, in half an hour from the light switch (Pfannschmidt et al.,
1999a). On the same time scale, the wild type control described here showed an
initial slump in psaA activity from that present before the light switch, which then
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seemed to be rising (Figure 5.2). The psbA transcriptional activity, likewise, differed
from than seen for mustard (Pfannschmidt et al., 1999a).
It is not clear whether this apparent difference between Arabidopsis thaliana
and Sinapis alba represents a true species-specific difference in acclimatory
response. It has been known the chloroplast transcriptional activity declines with the
age of the plant (Mullet and Klein, 1987). Arabidopsis plants used for the run-on
assay here were at least 5 weeks old, while the mustard plants used in the earlier
report (Pfannschmidt et al., 1999a) were only 7 days old. When using Arabidopsis, it
is difficult to manage the trade-off between age of the plant and the amount of leaf
material needed for the run-on assay. The slower transcriptional response seen in
Arabidopsis may thus be attributed to the greater age of the experimental material.
However, a similar, slow transcriptional response to changes in light quality has been
observed in pea chloroplasts that were isolated from 8 days old plants (Tullberg et
al., 2000). It is also interesting to note that the slower Arabidopsis transcriptional
response seen in the run-on analysis is consistent with the early transients of
transcript accumulation reported with the qPCR technique (Figure 5.1) (Puthiyaveetil
and Allen, 2008). Additionally, in the qPCR analysis, Arabidopsis plants were only 2
weeks old. Nevertheless more biological and technical replicates should be used
before solid conclusions can be drawn from the run-on analysis reported here.
Chloroplast run-on analysis should also be performed for samples from light 2 to 1
switch. Additionally, if feasible, run-on assays should be performed with young
Arabidopsis plants (2-3 weeks old) to rule out age-related effects on chloroplast
transcriptional activity.
Run-on analysis of the long-term light switch samples showed some
unexpected, but interesting regulatory features of CSK (Figure 5.4). The wild type-
like transcriptional activities of psaA and psbA genes in CSK mutants were a
surprising observation (Figure 5.4). However, it should be recalled that the “long-
term” run-on assays were performed after seven continuous days of light acclimation
for Light 1 and Light 2 conditions and three continuous days for the switched Light 1
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to 2 and Light 2 to 1 conditions. The run-on assays for determining the kinetics of
transcriptional activity in response to a short-term light switch, in contrast, were
performed on a time-scale of minutes. The long-term acclimation extending to days
will surely involve multiple factors. These observations, however, support the
possibility that the CSK-based regulatory mechanism governs the rapid induction of
transcription rather than its long-term maintenance over the time-scale associated
with photosystem stoichiometry adjustments (Schutze et al., 2008), and that
additional components may be involved in regulating photosystem stoichiometry.
The timescale of the CSK mediated chloroplast transcriptional response suggested
here is also in agreement with the timescale of transcriptional regulation that is
characteristic of two-component systems in bacteria.
The consequence of the altered psbD and ndhC transcriptional activity in
CSK mutants under long-term changes in light quality is unclear (Figure 5.4 and
figure 5.5). The regulation of psbD gene, which encodes for the D2 subunit of PS II,
can obviously be the part of a photosystem stoichiometry adjustment. Transcriptional
regulation of psbD has also been reported in other physiological contexts. It has been
known that a unique blue-light responsive promoter mediates light-dependent
transcription of psbD gene and that in Arabidopsis (Kim et al., 1999), the nuclear-
encoded sigma factor, AtSig5 is essential for the recognition of the blue-light
dependent promoter by the plastid encoded polymerase (PEP) (Tsunoyama et al.,
2004). The PsbD gene is also under the control of an endogenous circadian oscillator
(Nakahira et al., 1998). Chloroplast NAD(P)H dehydrogenase, whose subunit  D3 is
encoded by the ndhC gene, has been implicated in the chlororespiratory pathway
(Peltier and Cournac, 2002). It is believed that the PQ pool, in addition to
transferring electrons from PS II to cytochrome b6f, also acts as a conduit for
electrons from the NAD(P)H dehydrogenase to cytochrome b6f complex as part of a
suggested chlororespiratory pathway (Peltier and Cournac, 2002). It then appears that
under conditions of preferential illumination of PS II, the genes encoding the
components of NAD(P)H dehydrogenase may be downregulated, since their products
would otherwise add electrons to an already reduced quinone pool. This possibility,
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however, cannot account for all the data in Figure 5.6. Further research is required in
order to address the functional significance of ndh gene regulation in chloroplasts.
An important observation made from the run-on analysis of both the “short-
term” and “long-term” experiments is that the inactivation of CSK gene causes an
increase in the overall transcriptional activity of chloroplasts (Figure 5.3 and figure
5.7). While this may have arisen from the loss of regulation of some chloroplast
genes in the absence of a functional CSK, the exact nature of the causes and
consequences of the elevated chloroplast transcriptional activity in CSK mutants
remain to be understood.
The functional characterisation of CSK knockout mutants (Figure 5.1-5.8)
clearly suggests that CSK, despite being a modified histidine kinase in green algae
and plants, continues to function as a sensor component of a two-component
regulatory system in chloroplasts. The transcriptional regulatory role of CSK in red
algae and diatoms, species in which CSK exists as an unmodified histidine kinase, is
attested by the presence of chloroplast response regulators, which are DNA-binding
transcription factors (Duplessis et al., 2007). This then brings us to the following
question: what mediates the transcriptional regulatory role of CSK in green algae and
plants? The identity and the action of the response regulator partner of green algal
and plant CSKs are discussed in chapter 8.
Since the light quality driven chloroplast transcriptional response is initiated
by changes in the redox state of an electron carrier located between two
photosystems (Pfannschmidt et al., 1999a, Puthiyaveetil and Allen, 2008, Tullberg et
al., 2000) and a functional CSK is required for this process (Figure 5.1-5.8), it
appears that CSK acts as a redox sensor in chloroplasts. Additionally, the conserved
GAF sensor domain in CSK displays features of a redox sensor domain (Figure 5.9).
A GAF domain forms the redox sensor domain in the DosS redox sensor of
Mycobacterium tuberculosis (Kumar et al., 2007). A haem prosthetic group confers
the redox sensing ability of the DosS GAF domain. A conserved redox-responsive
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cysteine residue in the GAF domain of a bacterial phytochrome has aided its
functional transformation from light sensor (photoreceptor) to redox sensor (Vuillet
et al., 2007). GAF domains also show structural homology and functional overlap
with the well-characterized redox sensor input domain, PAS (Ho et al., 2000,
Sardiwal et al., 2005).
The conserved cysteine residue in the GAF domain of CSK may act as a
redox signal reception site (Paget and Buttner, 2003), but the lack of its complete
conservation among CSK homologues weakens this possibility (Figure 5.9). The
conserved hydrophobic patches of residues in the GAF domain of CSK (Figure 5.9)
together with its remote homology to the nucleotide binding sites of some enzymes
raise the possibility that the GAF domain in CSK employs redox-responsive
prosthetic groups such as flavin nucleotides for its redox-sensing function. The
presumed redox sensing functional role of CSK is further supported by the recent
demonstration that the cyanobacterial homologue of CSK (discussed in chapter 7)
interacts with a redox response regulator in cyanobacteria called rppA (Sato et al.,
2007). It also emerged that the cyanobacterial homologue of CSK, Hik2, interacts
with a component of the photosynthetic electron transport chain, the phycobilisome
linker protein, apcE (Sato et al., 2007).
This then takes us to the nature of the redox signal itself. The identity of the
redox signal that switches CSK on or off is yet to be revealed.  Since the light quality
driven, CSK-mediated transcriptional response is initiated by changes in the redox
state of plastoquinone (Pfannschmidt et al., 1999a, Puthiyaveetil and Allen, 2008,
Tullberg et al., 2000), it is reasonable to assume that the signal perceived by CSK is
the redox state of PQ itself. The signalling property of quinone electron carrier is
well documented in literature (Allen et al., 1981, Georgellis et al., 2001, Grabbe and
Schmitz, 2003, Pfannschmidt et al., 1999a, Ivleva et al., 2006, Escoubas et al., 1995,
Swem et al., 2006, Hihara et al., 2002). This, however, raises the question of how the
redox state of an electron carrier such as plastoquinone, within the thylakoid
membrane, might be sensed by an apparently soluble redox sensor such as CSK?
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Sensing redox signals originating from the bioenergetic membrane seems to be
difficult for soluble redox sensors. But examples in bacteria suggest that it is
possible. The light input component of cyanobacterial circadian oscillator, CikA, is a
soluble protein sensing PQ redox state (Ivleva et al., 2006). The NifL sensor, which
regulates the expression of nitrogen fixing genes in Azotobacter vinelandii, is another
example of a soluble redox sensor of quinone (Grabbe and Schmitz, 2003). A third
example is the antirepressor protein AppA, which regulates photosynthesis gene
regulation in Rhodobacter sphaeroides (Oh and Kaplan, 2000). Although PQ seems
to be an interesting candidate for the signal affecting CSK activity, stromal electron
carriers such NADP, thioredoxin and glutathione cannot be excluded at this stage.
Further studies are indeed required to pinpoint the exact identity of the signal. The
use of specific electron transport inhibitors will be a useful direction in this
investigation.
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6.1 Introduction
Signal perception and concomitant auto-phosphorylation of sensor kinases are initial
steps in the detection and transduction of signals by two-component signalling
pathways (Stock et al., 2000). Sensor kinases autophosphorylate at a conserved
histidine residue in the catalytic core. This histidine autophosphorylation site in
CSK, barring exceptions in the red alga, C. merolae and diatoms, P. tricornutum and
T. pseudonana, has been replaced with a tyrosine residue in the green alga,
Ostreococcus and with a glutamate residue in all lower and higher plants (chapter 3).
Red algal and diatom CSKs are thus likely to function as bacterial-type sensor
histidine kinases as they continue to exist as unmodified sensor histidine kinases. In
contrast, the green algal and plant CSKs have clearly undergone molecular evolution
in their kinase domain and are now modified sensor histidine kinases.
Similar molecular evolution in the kinase domain has been reported for other
sensor kinases. The DivL sensor, which is involved in cell division and
differentiation in Caulobacter crescentus, has a tyrosine residue replacing the
conserved histidine autophosphorylation site (Wu et al., 1999). This replacement of
histidine with tyrosine has resulted in tyrosine kinase activity in the DivL sensor.
Plant phytochromes and ethylene sensors are also modified histidine kinases with
their conserved histidine residues replaced by other amino acids. Plant phytochromes
and ethylene sensors are now known to function as serine/threonine kinases
(Moussatche and Klee, 2004, Yeh and Lagarias, 1998). The altered phosphoryl group
chemistry in DivL, plant phytochromes and ethylene sensors has not affected their
signalling role as they continue to regulate various physiological responses. The
signalling and functional properties of CSK have likewise not been compromised
(chapter 5) despite CSK having undergone molecular changes in its kinase domain.
Additionally, the highly conserved nature of the ATP binding domain in CSK
(chapter 1) argues for its continued existence as a protein kinase. This possibility is
now examined in the Arabidopsis CSK. The experimental results obtained and the
inferences drawn are discussed.
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6.2 Overexpression and purification of CSK-GST fusion protein in E. coli
Heterologous expression and purification in bacterial systems have been widely used
for biochemical and structural studies of proteins. While bacterial expression systems
work well for many proteins, it is challenging to express certain foreign proteins,
such as protein kinases, in bacteria. The stability of the recombinant plasmid,
toxicity, and solubility of foreign proteins are some of the problems encountered in
bacterial systems. Nevertheless, the relative ease with which bacteria can be
genetically manipulated, combined with their short doubling time, make them an
ideal system for expression and purification of foreign proteins.
Autophosphorylation assays for histidine kinases are usually performed with
their overexpressed, purified kinase domain. The kinase domain of sensor histidine
kinases exhibits constitutive histidine kinase activity (autophosphorylation) in the
absence of their sensor domains. This arises from the fact that, when the relevant
signal or stimulus is absent, the sensor domains impose an inhibitory effect on the
activity of the kinase domain. Therefore, sensor domains are usually not included in
the protein construct used for the autophosphorylation assay. In order to study the
enzyme activities of CSK in vitro, a partial cDNA clone that encodes for the kinase
domain of CSK (residues, 150-611) was cloned into a GST-based expression system
(Figure 6.1). This protein construct includes, in addition to the complete kinase
domain, 155 amino acid residues N-terminal to the kinase domain of Arabidopsis
CSK (part of the GAF sensor domain). This was to include any putative
autophosphorylation site lying outside the HisKA domain of Arabidopsis CSK as it
had lost its conserved histidine autophosphorylation site.
This truncated version of CSK was successfully overexpressed in E. coli as a
GST fusion protein (Figure 6.2). Majority of the overexpressed CSK-GST fusion
protein accumulated in the insoluble fraction, nevertheless, some CSK-GST proteins
were still found in the soluble fraction (Figure 6.3). The CSK-GST fusion protein in
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the soluble fraction was purified by affinity chromatography (Figure 6.3). Additives
that prevent aggregation were used in all buffers and solutions in order to preserve
the stability and activity of CSK-GST fusion proteins (chapter 2, Materials and
Methods).
6.3 CSK autophosphorylates in vitro
In order to test whether CSK becomes auto-phosphorylated in vitro, the
overexpressed and purified CSK-GST fusion was incubated in the presence of [γ-
32P]ATP, the reducing agent dithiothreitol, and the divalent cations Mg2+, Mn2+ and
Ca2+ (Chapter 2, Materials and Methods). It is known that bacterial sensor kinases
have specific requirements for certain divalent cations for autophosphorylation and
signal perception (Stock et al., 2000). The CSK protein becomes autophosphorylated
in the presence of Mn2+ and to a lesser degree in the presence of Ca2+, but no
autophosphorylation was detected in the presence of Mg2+ (Figure 6.4A).
Dithiothreitol stimulates autophosphorylation but is not an absolute requirement.
Figure 6.4B shows little or no labelling of the GST protein alone by [γ-32P]ATP
under any of these conditions, confirming that the labelling results from
autophosphorylation of CSK itself. A monoclonal antibody directed against the GST
tag confirmed the identity of the 32P-labeled band as of CSK-GST fusion protein
(results not shown).
6.4 Alkaline phosphatase treatment confirms that specific labelling with 32P
results from phosphorylation of one or more amino acid side chains of CSK
To further confirm that the labelling of CSK results from specific phosphoryation of
an amino acid side chain by 32P, the labeled CSK proteins were incubated with calf
intestine alkaline phosphatase, which hydrolyzes orthophosphoric acid monoester
groups (Coleman, 1992). Alkaline phosphatase treatment completely removed
labelling of CSK (Figure 6.4C). This confirms that the CSK is labeled with 32P as a
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Figure 6.1 Screening for recombinant pGEX 4T2 plasmids containing the CSK insert. Recombinant
clones (C1 to C8) were double digested with EcoRI and NotI, reactions products separated on a 1%
agarose gel and stained with ethydium bromide. Positions of bands from the DNA ladder (in kilo base
pairs, kbp) are indicated on the left. All clones, except clone 4, seem to contain the CSK insert. Clones
2, 3 and 7 seem to indicate incomplete digestion.
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Figure 6.2 Overexpression of CSK-GST fusion protein in E. coli. A truncated version of CSK (462
amino acids, residues from 150 to 611) is overexpressed as a GST fusion protein in E. coli. The
molecular weight of the truncated CSK is 50 kDa and of GST is 26 kDa. The expression of CSK-GST
fusion protein was induced with IPTG. Bacterial cells were harvested before induction (B0) and after
1, 2, 3, 4, 5 and 6 hours after induction (A1-A6). “ON” corresponds to overnight from the induction.
Bacterial cells were lysed and bacterial proteins were separated on a 12% SDS-PAGE gel and stained
with Coomassie blue. Molecular weight markers are indicated on the left.
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Figure 6.3 CSK-GST fusion protein at various stages of purification. Aliquots from various stages of
purification were separated on a 12% SDS-PAGE gel and Coomassie stained. The following fractions
were analysed on the gel: P, pellet; SN, supernatant; FT, flow through; W, wash; E1, first elution; E2,
second elution; E3, third elution; E4, fourth elution. Positions of molecular weight markers are
indicated on the left.
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result of autophosphorylation on an amino acid chain and not because of non-specific
labelling such as non-covalent binding of ATP or covalent adenylation.
6.5 Acid and alkali-stability of phosphorylated amino acid(s) in
autophosphorylated CSK suggests tyrosine phosphorylation
To determine the identity of the phosphorylated amino acid(s) in autophosphorylated
CSK, the autophosphorylated protein was incubated in acid or alkali (Chapter 2,
Materials and Methods). The stability or liability of phospho-amino group to acid or
alkali treatment is a direct indicator of the nature of the phosphorylated amino acids
in phosphoproteins. It is known that phosphohistidine is labile in acid but stable in
alkaline solution, that phosphoserine and phosphothreonine are acid-stable and
alkali-labile, and that phosphotyrosine is stable in both acid and alkali. The stability
of the CSK phosphoryl group to both acid and alkali treatments (Figure 6.4D)
suggest tyrosine phosphorylation.
6.6 Discussion
The specific labelling by 32P in the autophosphorylation assay (Figure 6.4) clearly
suggests that CSK autophosphorylates in vitro. The autophosphorylation of CSK is
dependent on the presence of the divalent cation Mn2+ and to a lesser degree Ca2+ in
the reaction medium (Figure 6.4A). While the bacterial sensor histidine kinases
generally prefer the divalent cation Mg2+ for autophosphorylation reaction, Mn2+ and
Ca2+ specific phosphorylation has been reported in some plant ethylene sensors,
which are derived from sensor histidine kinases (Moussatche and Klee, 2004, Zhang
et al., 2004).
The acid and alkali stability of the phosphorylated amino acid suggests
autophosphorylation on a tyrosine residue in CSK (Figure 6.4D).
Autophosphorylation on the conserved glutamate residue in the H-box or of a
histidine residue lying outside the H-box is unlikely. This is because of the complete
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dephosphorylation of phosphorylated CSK when treated with alkaline phopshatase
(Figure 6.4C). Alkaline phosphatase treatment excludes phosphorylation on histidine
or glutamate residues, as it is specific for hydrolysing o-phosphorylation (Coleman,
1992). Usually, the amino acids tyrosine, serine, and threonine undergo o-
phosphorylation as a post-translational modification. Mn2+ specificity of CSK
autophosphorylation also supports tyrosine kinase activity, as Mn2+ specificity is
characteristic of tyrosine kinase autophosphorylation (Schinkmann and Blenis,
1997). Sequence features of green algal CSKs further support tyrosine
phosphorylation as a tyrosine residue replaces their conserved histidine
autophosphorylation site (chapter 3). Similar tyrosine replacement in DivL sensor
results in tyrosine kinase activity (Wu et al., 1999). In plant CSKs, since a glutamate
residue replaces the histidine (chapter 3), conserved tyrosine residues lying outside
the H-box could be the site(s) of autophosphorylation of plant CSKs. Conserved
tyrosine residues that could act as putative phosphorylation site(s) can be recognized
in a multiple protein sequence alignment of plant CSKs.
Acid-hydrolysis of phosphorylated amino acids, followed by two-
dimensional thin-layer electrophoresis can be further used to uncover the identity of
phosphorylated amino acid(s) in CSK.   Mass spectrometry-based approaches can
also be employed to map the phosphorylation site(s) in the autophosphorylated CSK.
MS analysis of proteolytic fragments of autophosphorylated CSK coupled with
microsequencing will reveal the identity of phospho amino acid(s) in CSK.
The CSK protein used in the autophosphorylation assay here is a truncated
version, which does not contain the first 149 amino acids from the N-terminus of the
protein. The missing N-terminal segment also contains the serine rich transit peptide,
which is believed to be part of the mature protein as suggested by the chloroplast
protein import assays (chapter 4). The putative function of the retained transit
peptide in CSK as an autophosphorylation site (discussed in chapter 4) should be
tested by autophosphorylation assay with the full-length version of the CSK protein.
The truncated version of CSK does not contain the complete GAF sensor domain,
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which is likely to form the redox-sensor input domain in CSK (discussed in chapter
5). Although the reducing agent, DTT, is found to stimulate autophosphorylation in
the truncated version of CSK used in our study, the redox dependency of
autophosphorylation should be examined in the full-length version of CSK.
It should be noted that, even though the 32P labeling observed in my
experimental condition is best explained by the autophosphorylation activity of CSK,
phosphorylation of CSK by a copurifying bacterial kinase (from E. coli) cannot be
completely excluded at this stage. However, this seems unlikely, as CSK require
Mn2+ instead of the divalent cation, Mg2+, which is usually preferred by bacterial
sensor kinases. Autophosphorylation assays with CSK protein constructs carrying
point mutations in the conserved motifs (N, G1, F and G2) of the ATP binding
domain should be performed to further test the nature of the 32P labeling of CSK.
It remains to be seen whether the demonstrated autophosphorylation activity
of CSK also occurs in vivo and whether autophosphorylation is required for CSK
function. But at least one thing is clear; CSK, despite undergoing molecular
evolution in its kinase domain, continues to function as an archetypical bacterial
sensor kinase and that it employs phosphoryl group transfer as its signalling
mechanism in vitro.
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7.1 Introduction
Photosynthetic eukaryotes consist of a vast array of organisms as different from each
other as a free floating unicellular alga and an oak tree. Nevertheless, they have one
thing in common; their plastids. It is believed that plastids of all photosynthetic
eukaryotes originated, at around 1.5 billion years ago, from a singular symbiotic
event involving an eukaryotic host cell and a cyanobacterium (Gould et al., 2008).
The monophyly and the cyanobacterial ancestry of chloroplasts have direct bearing
on the phylogeny and distribution of CSK in photosynthetic eukaryotes. If the
prediction is correct that CSK is a genetic control mechanism inherited from the
bacterial ancestor of chloroplasts (Allen, 1993a), then the origin of CSK can be
traced back to cyanobacteria. If the perceived signalling role of CSK (chapter 5) is
overridingly important in the maintenance of chloroplast genomes in evolution, then
CSK is predicted to have a wide distribution in photosynthetic eukaryotes. These two
predictions are tested with the available genome sequences of model eukaryotic and
prokaryotic organisms.
7.2 Orthologues of CSK are present in all major lineages of photosynthetic
eukaryotes
Arabidopsis CSK was used to search against genomic and EST sequence databases.
Sequence similarity search was performed with blastp, blastn, tblastn and psi-blast
(see Chapter 2 for details of these methods). The non-redundant (nr) protein database
and the EST database at National Center for Biotechnology Information (NCBI),
algal and plant genomes at Joint Genome Institute (JGI), the Cyanidioschyzon
merolae genome database, Cyanobacteria genome database at Cyanobase and the
Chloroplast Genome Database at Penn State University (Chloroplast DB) were used
to search for CSK homologues.
It has been noted that the kinase domains of any two sensor histidine kinases
typically share 20 – 50% sequence identity with an average identity of 25% (Chang
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and Stewart, 1998). This means that there can arise sequence homology between any
two histidine kinases simply because they share the conserved kinase domain
characteristic of histidine kinase family of proteins. This sequence homology in the
kinase domain however does not qualify them as ‘true’ orthologues. The true
homology between two histidine kinases should extend to their sensor domains,
which are unique for every class of sensor histidine kinases. When searching for
putative CSK orthologues, this notion of homology was taken into account.
Full-length CSK orthologues can be identified in Oryza sativa, Populus
trichocarpa, Vitis vinifera. Partial CSK orthologues can be found in other higher
plants such as Nicotiana, Citrus, Zea mays, Gossipium and many others. Partial CSK
orthologues are also found in gymnosperms such as Pinus taeda and Picea glauca. A
full-length CSK orthologue can be readily identified in the recently sequenced moss,
Physcomitrella patens (Rensing et al., 2008). Full-length CSK orthologues are also
seen in the smallest free-living eukaryote, Ostreococcus tauri (Derelle et al., 2006)
and in the ancient red alga, Cyanidioschyzon merolae (Matsuzaki et al., 2004). Full-
length CSK genes are also seen in the genome sequence of the diatoms
Phaeodactylum tricornutum (http://genome.jgi-psf.org/Phatr2/Phatr2.home.html) and
Thalassiosira pseudonana (Armbrust et al., 2004).
7.3 CSKs share a common ancestor with the cyanobacterial histidine sensor
kinase, Hik2
Sequence similarity searches further revealed that, apart from the plant and algal
orthologues of CSK, the immediate bacterial homologues of CSK are to be found in
cyanobacteria (Figure 7.1). The cyanobacterial CSK homologue, annotated as
histidine kinase 2 (hik2) (Figure 7.2) in Synechocystis PCC6803, has orthologues in
all the 30 or so complete genome sequences of cyanobacteria. Cyanobacterial
homologues of CSK from species such as Anabaena sp. PCC 7120 show homology
to the entire CSK sequence including the GAF domain (Figure 7.2). The homology,
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Figure 7.1 Chloroplast Sensor Kinase (CSK) is present in all major plant and algal lineages and
evolved from a Hik2-like cyanobacterial histidine sensor kinase. Bayesian phylogeny of CSK is
derived from the conserved kinase domain shared by all CSK orthologues. Posterior probabilities are
shown above nodes and PHYML 2.4.5. bootstrap values are shown below nodes. Evolutionary-
distance scale is shown at the bottom of the phylogenetic tree. A distance of 0.2 units represents 20
substitutions per 100 nucleotides. (Figure kindly provided by Matthew B. Rogers).
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Figure 7.2 Conserved functional domains in CSK and representative algal and cyanobacterial
homologues (redrawn from SMART database predictions). Domain denotations: HATPase_c, ATP-
binding domain; HisKA, site of histidine auto-phosphorylation and dimerisation; GAF, sensor
domain. For the Ostreococcus and the Physcomitrella CSKs, the predicted GAF domain is below the
curated threshold score of SMART database. For the Arabidopsis CSK, SMART database does not
predict a GAF domain, even though the Arabidopsis CSK sensor domain shows significant sequence
homology to the GAF domain of cyanobacterial Hik2. Domain boundaries of GAF domains that fall
below the curated threshold score, or that are not predicted by SMART database, are shown in broken
lines. The chloroplast-targeting signal is represented as a white rectangle at the N-terminus.
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however, does not extend to the N-terminal region of Arabidopsis CSK. The N-
terminal region of CSK includes the chloroplast transit peptide, which was
presumably acquired later in CSK evolution. The cyanobacterial homology of CSK
becomes more evident, especially in the GAF domain region, if the sequence search
is performed with CSK sequences from lower plants and algae (Figure 7.2). This
pattern may reflect the obvious sequence divergence accepted in current evolutionary
models.
7.4 Discussion
The predicted cyanobacterial ancestry and the wide distribution of CSK in
photosynthetic eukaryotes are borne out by the available genomic data. Presence of
CSK homologues in all major lineages of photosynthetic eukaryotes suggests deep
functional and evolutionary significance. The CSK gene is retained, as Hik2, as one
of only four histidine sensor kinases in the minimal cyanobacterial genome of
Prochlorococcus marinus SS12 (Dufresne et al., 2003). CSK is also retained in the
minimal eukaryotic nuclear genomes of Ostreococcus tauri (Derelle et al., 2006) and
Cyanidioschyzon merolae (Matsuzaki et al., 2004) (in which CSK is the only sensor
kinase). Furthermore, CSK has persisted through a secondary symbiotic event in the
ancestor of diatoms such as Phaeodactylum tricornutum and Thalassiosira
pseudonana where the chloroplast is derived from a eukaryotic, red algal symbiont,
itself a product of a primary endosymbiosis involving a cyanobacterium (Gibbs,
1981). It should be emphasised that all the CSK homologues identified so far in
different photosynthetic eukaryotes are products of nuclear genes and that a plastid-
encoded CSK is yet to be demonstrated. This observation points to the possibility
that the CSK gene have been relocated to the nuclear genome very early in evolution.
Even though the distribution of CSK is very wide in phylogenetic scope, it
seems to miss out the description “universal” as orthologues of CSK cannot be
identified in some non-green algal taxa. The apparent absence of CSK is further
tested in the recently sequenced complete nuclear genome of the haptophyte,
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Emiliania huxleyi (http://genome.jgi-psf.org/Emihu1/Emihu1.home.html) and in the
EST database of selected non-green algal species  (NCBI). In the non-green algae
tested, no CSK orthologue is found either in their nuclear genome or in their plastid
genome. Nevertheless, these non-green algal species, where CSK is absent, seem to
encode the ycf26 sensor in their plastid genome (Duplessis et al., 2007).
As discussed in chapter 3, the phylogenetic distribution of plastid-encoded
ycf26 is limited to non-green algal species and a ycf26 homologue is completely
unknown in chloroplasts of the green lineage either as a chloroplast or as a nuclear
gene product. On the other hand, CSK is present in green algae and plants and in
those non-green algal species, which do not have the ycf26 sensor. This distribution
of ycf26 and CSK seems to suggest that each of these chloroplast sensors
complements the loss of the other in different lineages of photosynthetic eukaryotes.
This presumed phylogenetic complementation would require that these two
chloroplast sensors, CSK and ycf26, functionally replace each other. Although this
possibility remains to be tested, some commonalities in the design of their sensor
domains suggest a functional redundancy. The sensor domain of both CSK and ycf26
shows redox sensing sequence features (chapter 5 and chapter 9). This presumed
functional redundancy between these two chloroplast sensors is further corroborated
by studies involving the cyanobacterial homologues of CSK and ycf26. It emerged
from these studies that there exists a functional overlap in the cyanobacterial
homologues of CSK and ycf26.
The cyanobacterial homologue of ycf26, Hik33, is known to regulate
photosynthetic gene expression in response to nutrient stress and high light
intensities (Hsiao et al., 2004). Hik33 is also known in cyanobacteria as a cold sensor
(Mikami et al., 2002), as a sensor of osmotic stress (Mikami et al., 2002,
Shoumskaya et al., 2005, Paithoonrangsarid et al., 2004), and as a sensor involved in
the expression of oxidative stress-inducing genes . Hik2, the CSK homologue in
cyanobacteria, has also been implicated in sensing osmotic stress (Paithoonrangsarid
et al., 2004) and low temperature (Mikami et al., 2004). It has been further proposed
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that hik2 and hik33 are involved in the tolerance of PS II to environmental stress
(Mikami K, 2003).
Another interesting absence of a CSK homologue, apart from the ones
discussed for non-green algae, could be in the recently sequenced Chlamydomonas
reinhardii genome (Merchant et al., 2007). Sequence similarity searches cannot find
any CSK homologues in the Chlamydomonas genome, yet it may be premature to
conclude that CSK is absent in Chlamydomonas. A genome may remain incomplete
due to flaws associated with the automated annotation of sequences; some genes may
be missed out in otherwise “completed” genome. Additionally, the presence of a
CSK homologue in Ostreococcus demonstrates the fact that CSK is not entirely
absent in the chlorophycean algae.
If it turns out that CSK is indeed absent in Chlamydomonas, could there be
another sensor kinase in its chloroplasts, and if there is one, can it compensate for the
absence of CSK? These are open questions! An interesting possibility is to check
whether the retinal protein, chlamyopsin (Deininger et al., 1995), plays any role in
the regulation of Chlamydomonas chloroplast gene expression. Chlamyopsin
proteins have histidine kinase domains and we find that the chlamyopsin 5 protein
shows some homology with the ycf26 sensor kinase of non-green algae (data not
shown). The widely thought functional role of chlamyopsin as a photoreceptor for
phototaxis and photophobic responses has been recently challenged in
Chlamydomonas (Fuhrmann et al., 2001). Chlamyopsin isoforms can be detected in
some chloroplast fractionation studies (Yuichiro Takahashi, personal
communication) although contamination from the eyespot cannot be ruled out at this
stage. Further localization studies coupled with functional characterisation of
chlamyopsin null mutants are required to probe the role of this interesting class of
proteins in Chlamydomonas.
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8.1 Introduction
A two-component system consists of a sensor kinase and a response regulator, acting
together. The sensor kinase component detects changes in environmental conditions
but it is the response regulator that ultimately brings about the appropriate
physiological response. The output or effector domains of response regulators are
predominantly DNA binding motifs; hence the resulting physiological responses
involve transcriptional regulation. Having established a highly conserved, widely
distributed chloroplast sensor kinase, and its role in transcriptional regulation of
chloroplast gene expression, it is time to ask what actually mediates CSK’s action in
chloroplasts? The distribution and function of chloroplast response regulators is
therefore extremely important not only to fully understand the action and operation
of sensor kinases in chloroplasts but also to elucidate the nature and relevance of
chloroplast transcriptional responses that they regulate.
Another important aspect of the chloroplast two-component system examined
in this chapter is how the molecular evolution of CSK affects the evolution of its
response regulator partner. The co-evolution of sensor kinases and their response
regulator partners is well documented in the scientific literature (Koretke et al., 2000,
Pao and Saier, 1997, Skerker et al., 2008). Molecular evolution has resulted in the
replacement of the conserved histidine autophosphorylation site with a glutamate
residue in plant CSKs  (chapter 3). In Arabidopsis CSK, this change in the amino
acid chemistry at the autophosphorylation site has replaced its ancestral histidine
kinase activity with tyrosine kinase activity (chapter 6). A change in the phosphoryl
group chemistry of the sensor kinase will have consequences for its cognate response
regulator protein, because two-component systems employ a phosphoryl group
transfer pathway as their signalling mechanism. Since phosphohistidines have a large
negative free energy of hydrolysis, phosphoryl group transfer from the
phosphohistidine of the sensor to the aspartate of the response regulator is
thermodynamically allowed, but some other amino acid combination may forbid
phosphoryl group transfer from the sensor to the response regulator.
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This chapter will also examine what lessons can be learned from the
cyanobacterial homologues of chloroplast response regulators. Some novel insights
into the functional roles and relationships of chloroplast two-component systems will
be gained from their cyanobacterial homologues, for which more data are available.
Sequence similarity searches and databases outlined in the previous chapter will be
used for analysing the distribution and function of chloroplast response regulators.
8.2 Chloroplast response regulators in non-green algae
The first report of a chloroplast response regulator came as a simple consequence of
systematically sequencing chloroplast genomes. The first chloroplast response
regulator was described in red algae and had a high sequence similarity to the
bacterial OmpR response regulator transcription factor (Kessler et al., 1992). This
chloroplast response regulator is known as ycf27, as “OmpR-like protein”, or simply
as “OmpR”. It has been also called as transcriptional regulatory gene 1 (trg1) in
Heterosigma akashiwo (Jacobs et al., 1999). Ycf27 is found (Table 8.1) in one or two
gene copies in many non-green algal lineages such as in rhodophytes, Porphyra
purpurea, P. yezoensis, Porphyridium aerugineum, Cyanidioschyzon merolae,
Cyanidium caldarium, Galdieria sulphuraria, Gracilaria tenuistipitata and Rhodella
violacea; in haptophytes, Emiliania huxleyi; in raphidophytes, Heterosigma
akashiwo; in glaucophytes, Cyanophora paradoxa and in cryptophytes, Guillardia
theta (Duplessis et al., 2007).
Our similarity searches additionally identify ycf27 homologues in other
cryptophytes such as Rhodomonas salina and, for the first time, in the diatoms
Phaeodactylum tricornutum and Thalassiosira pseudonana (Table 8.1). For the
above diatoms, it must be emphasised that ycf27 homologues are encoded in the
nuclear genome. This nuclear location of ycf27 gene in diatoms is in stark contrast
with the hitherto known plastid location of this gene. The ycf27 gene, although
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Table 8.1 Distribution of chloroplast response regulators and response regulator-like proteins in
photosynthetic eukaryotes
Taxonomic group/Organism Ycf27 Ycf29 TCP34
Glaucophytes
   Cyanophora paradoxa
Rhodophytes
   Porphyra purpurea
   Porphyra yezoensis
   Porphyridium aerugineum
   Cyanidioschyzon merolae
   Cyanidium caldarium
   Galdieria sulphuraria
   Gracilaria tenuistipitata
   Rhodella violacea
Haptophytes
   Emiliania huxleyi
Raphidophytes
   Heterosigma akashiwo
Cryptophytes
   Guillardia theta
   Rhodomonas salina
Bacillariophytes
   Phaeodactylum tricornutum
   Thalassiosira pseudonana
Viridiplantae
   Chlorokybus atmophyticus
   Ostreococcus tauri
   Ostreococcus lucimarinus
   Physcomitrella patens
   Arabidopsis thaliana
√*
√*
√*
          √*
√*
√*
√
√*
√*
√*
√*
√*
√
√N
√N
√*
×
×
×
×
√
√
√
           -
√
√
-
√
-
√ N
-
√
√
√N
√N
-
×
×
×
×
-
-
-
-
×
-
-
-
-
×
-
-
-
×
×
-
√ N
√ N
√ N
√ *N
The tick (√) indicates the presence and the cross (×) indicates the absence of ycf27/ycf29/TCP34. The
dash (-) indicates that the complete nuclear genome sequence for that taxon is not available, so the
presence or absence of ycf27/ycf29/TCP34 is unknown. The superscript (*) denotes that the
occurrence is based on earlier reports (Duplessis et al., 2007, Weber et al., 2006). Chloroplast
response regulators are mostly chloroplast gene products, but if chloroplast response regulators exist
as nuclear gene products, the nuclear location of the corresponding gene is indicated by the
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superscript (N). The taxonomic group “Viridiplantae” means  “Green Plants”, and includes green
algae, lower and higher plants.
widely distributed in non-green algae, is notably absent in the chloroplast genome of
the green lineage. Amongst more than 75 sequenced chloroplast genomes of green
algae and land plants, only the charophyte Chlorokybus atmophyticus has the ycf27
gene (Duplessis et al., 2007).
The predicted domain architecture of ycf27 conforms to known domain
features of response regulators. The receiver domain is typical in having all three
sequence motifs (Figure 8.1), including the invariable aspartate residue that receives
phosphate from the histidine residue of sensor kinases. The effector domain of ycf27
is a winged helix-turn-helix motif. This winged helix-turn-helix is a variation of the
well-known DNA binding helix-turn-helix domain. In addition to binding DNA, the
winged helix-turn-helix motifs also interact with RNA polymerases to influence
transcriptional regulation of genes (Martinez-Hackert and Stock, 1997).
Ycf29 is another chloroplast response regulator in the non-green algae, also
identified as a by-product of chloroplast genome sequencing. This chloroplast
response regulator shows high sequence similarity to the NarL response regulator
transcription factor of E. coli. Ycf29 is also known as tctD in Gracilaria
tenuistipitata or as NarL-like transcriptional regulator. Ycf29 often co-occurs with
ycf27 in some but not all non-green algae (Table 8.1). Like ycf27, the phylogenetic
distribution of ycf29 is also limited to non-green algae. Our analysis (Table 8.1)
finds Ycf29 homologues to be present in rhodophytes, Porphyra purpurea, P.
yezoens is , Cyanidioschyzon merolae, Cyanidium caldarium, Graci lar ia
tenuistipitata; in glaucophytes, Cyanophora paradoxa and in cryptophytes,
Guillardia theta, Rhodomonas salina. We also identified nuclear-encoded ycf29
homologues in diatoms, Phaeodactylum tricornutum and Thalassiosira pseudonana
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and in the haptophyte, Emiliania huxleyi. Again this nuclear location contrasts with
the known plastid location of this gene in other algal species.
Ycf29 protein is very similar to ycf27 response regulator, apart from a small
difference in their respective effector domains. The receiver domain of ycf29 has all
the characteristic motifs of response regulators (Figure 8.1).  Ycf29 does not have the
extended wing structure in its DNA–binding helix-turn-helix domain.
8.3 Chloroplast response regulators in green algae and plants
Chloroplasts in the green lineage, with the single exception of a ycf27 homologue in
Chlorokybus atmophyticus, do not seem to encode response regulators (Duplessis et
al., 2007). This observation does not preclude the existence of chloroplast response
regulators in green algae and plants as products of nuclear genes, as shown here for
chloroplast sensor kinases (chapter 3). Homologues of ycf27 or ycf29 cannot readily
be identified in sequenced nuclear genomes of green algae and plants. Nevertheless,
it is premature to conclude that nuclear-encoded ycf27 and ycf29 homologues are
absent from chloroplasts of green algae and land plants as yet. One possibility is that
the chloroplast response regulators in green lineages are modified so as to
accommodate input from a modified histidine kinase such as CSK. One or more
modified response regulators might then evade identification by conventional
sequence similarity searches.
Along these lines, a nuclear-encoded, modified response regulator protein,
TCP34, has been identified in higher plant chloroplasts (Weber et al., 2006). This
protein seems to be conserved in all sequenced plant genomes. Our analysis (Table
8.1) identifies a homologue of TCP34 in the moss, Physcomitrella patens.
Physcomitrella also has a paralogue of TCP34 (Andrew Cuming, University of
Leeds, personal communication). We also identify (Table 8.1) single homologues of
TCP34 in the nuclear genome of chlorophycean algae, Ostreococcus tauri and
Ostreococcus lucimarinus, but interestingly, not in Chlamydomonas reinhardii. The
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moss and algal TCP34 homologues are also localised in the chloroplast, according to
sub-cellular prediction programs (results not shown).
The TCP34 protein combines a moderately conserved receiver domain with a
tetratricopeptide repeat (TPR) as an effector domain (Weber et al., 2006). It also
seems that a part of the receiver domain of this protein may be co-opted as a
DNA–binding, helix-turn-helix motif.
8.4 Discussion
Although the DNA binding winged helix-turn-helix motif in the output domain of the
ycf27 response regulator suggests a transcriptional regulatory role, not much is
known regarding the function of this protein in non-green algae. This is partly due to
difficulties in generating knockout mutant lines in these algal groups (Duplessis et
al., 2007). A transcriptional regulatory role for ycf27 is assumed in the red alga
Cyanidioschyzon merolae, where it is shown to bind upstream regions of psbD/C
operon and the psbA gene (Minoda and Tanaka, 2005). The binding of ycf27 to psb
gene promoters is thought to be part of an acclimatory response to high light
intensity.
It has been recognized that the ycf27 has a cyanobacterial homologue known
as response regulator 26 (rre26). Rre26 has been also called rpaB (for regulator of
phycobilisome association) (Ashby and Mullineaux, 1999). A closely related protein,
rpaA, probably a paralogue of rpaB, is also present in cyanobacteria (Ashby and
Mullineaux, 1999). These two response regulators, rpaA and rpaB, are involved in
synthesis of factors responsible for coupling phycobilisomes to photosystems (Ashby
and Mullineaux, 1999). RpaA response regulator has been further shown to be part
of the output pathway of the central circadian oscillator in cyanobacteria (Takai et
al., 2006). It should be made clear that all the ycf27 response regulators of non-green
algae seem to be derived from the rpaB response regulator of cyanobacteria and not
from the rpaA paralogue. RpaB has been recently shown to bind the promoter region
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of the high-light-inducible hliB gene in Synechocystis PCC 6803 (Kappell and van
Waasbergen, 2007).
In Synechocystis sp. PCC 6803, various functional and mutagenesis studies,
together with high-throughput two-hybrid screening, have identified cognate pairs or
interaction partners in different two-component systems (Sato et al., 2007). These
studies find rre26 to be the response regulator of hik33, the cyanobacterial
homologue of ycf26. The action of this multi-sensor kinase (discussed in previous
chapter), hik33, is presumably mediated through the rre26 response regulator (Ashby
and Houmard, 2006).
The DNA binding and transcriptional regulatory properties of ycf29 is
demonstrated in Cyanidioschyzon merolae, where it is shown to bind genes encoding
the components of the phycobilisome proteins such as cpcA and apcE (Minoda and
Tanaka, 2005). Transcriptional activation of these genes by ycf29 is believed to be
part of an acclimatory response to decreased light intensity. A cyanobacterial
homologue of ycf29 is known to exist in the form of response regulator 1 (rre1). In
cyanobacteria, rre1 is the cognate response regulator of hik2, the CSK homologue
(Sato et al., 2007). It is believed that the physiological responses governed by hik2 in
cyanobacteria, as discussed in the previous chapter, are mediated through the action
of rre1 response regulator (Ashby and Houmard, 2006).
TCP34, the response regulator-like protein of plant chloroplasts, has been
shown to bind psaA, rbcL, psbC and psbD chloroplast gene core promoters in
spinach (Weber et al., 2006). It has been also demonstrated that TCP34 is
phosphorylated. TCP34 does not appear to have cyanobacterial counterparts. The
phylogenetic signature of this protein seems to have been lost during its evolution.
TCP34 might represent a eukaryotic innovation in which the receiver domain of a
response regulator is fused to a tetratricopeptide repeat, the latter motif being usually
found in eukaryotes (Weber et al., 2006).
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It has been suggested that the distribution of ycf27 genes is somehow
correlated with the retention or loss of phycobilisomes in various algal groups
(Ashby et al., 2002). The loss of ycf27 genes from plastids has been linked with the
loss of phycobilisomes. But the demonstration of ycf27 genes in the non-
phycobilisome containing genera (Table 8.1) Heterosigma akashiwo, Guillardia
theta, Emiliania huxleyi and Chlorokybus atmophyticus proves that no such link with
phycobilisomes is required for retention of ycf27 genes (Duplessis et al., 2007).
Similarly, our analysis shows that the loss of ycf29 response regulator gene is
not linked with the loss of phycobilisomes as ycf29 genes are present in non-
phycobilisome containing species such as the diatom Thalassiosira pseudonana and
the cryptophyte Guillardia theta (Table 8.1). Nonetheless, there may exist some
functional link between ycf29 and phycobilisomes. For instance, the ycf29 response
regulator is involved in the transcriptional activation of phycobiliprotein genes as
part of an acclimatory response to low light intensity in Cyanidioschyzon merolae
(Minoda and Tanaka, 2005). The demonstration that ycf27 and ycf29 genes are
retained in non-phycobilisome containing algae is a clear indicator that these two
response regulators have other target genes in chloroplasts.
Analysis of the distribution, sequence and functional features of chloroplast
response regulators implies a key role for these proteins in regulating chloroplast
gene expression by means of transcriptional control. Studies involving their
cyanobacterial homologues provide further evidence for regulation of photosynthetic
genes by chloroplast response regulators. Nevertheless, analysis of knockout mutants
is required to elucidate different aspects of the transcriptional control mechanism
provided by the chloroplast response regulators. The nature and number of target
genes and the physiological context in which they are regulated by chloroplast
response regulators also remain to be determined.
The presence of cyanobacterial homologues certainly strengthens the
genealogy of chloroplast two-component systems, but it has also uncovered the
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functional relationships between chloroplast two-component systems. Two cognate
pairs of two-component systems identified in Synechocystis sp. PCC 6803 are
important from a plastid perspective. These are the cognate pairs formed between
hik33 and rre26, and hik2 with rre1. This means that ycf26 and ycf27 form one
cognate pair while CSK and ycf29 form another. The deviations from these ancestral
combinations and its consequence for the distribution of chloroplast two-component
systems are discussed in the next chapter.
Establishing that the CSK homologue, hik2 and the ycf29 homologue, rre1,
form a cognate pair of sensor and response regulator in cyanobacteria (Sato et al.,
2007) has unravelled an interesting but wholly unexpected aspect of CSK evolution.
This functional relationship of hik2 and rre1 in cyanobacteria implies that CSK, the
nuclear-encoded, predominant chloroplast sensor of the green lineage, is the cognate
sensor of a plastid-encoded response regulator that is found exclusively in non-green
algae. CSK is thus related to two-component systems of non-green algae by descent
and by a shared functional role. The functional roles of CSK established here
(Chapter 5) can then be securely transferred to chloroplast two-component systems
of the non-green algae. The same holds for assigning the known functional properties
of non-green algal chloroplast two-component systems to CSK.
The 1.5 billion years of evolution that followed the symbiotic origin of
chloroplast has clearly tinkered with CSK and its cognate response regulator(s).
Firstly, CSK has been separated from its cognate response regulator, ycf29, in terms
of gene location, which for CSK is exclusively nuclear. Secondly, the functional
pairing between CSK and ycf29 or ycf27, seen in red algae and diatoms, is
nonexistent in the green lineage, as the “greens” do not appear to have either ycf29
or ycf27 response regulators. The same evolutionary force that moved most
chloroplast genes to the nucleus may drive the nuclear relocation of CSK gene from
the chloroplast (Allen and Raven, 1996), or there could be other forces at work,
which we do not understand yet. The event that caused the disappearance of the
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cognate response regulator(s) could have been driven by the molecular evolution in
the kinase domain of CSK.
Cognate response regulator(s) of CSK are only seen in red algae and diatoms,
where CSK is an unmodified histidine kinase. When CSK becomes a modified
histidine kinase, as in green algae and plants, no recognizable response regulator
partners can be identified. It is known that when histidine kinases lose their histidine
kinase activity, they may also lose their cognate response regulators (Koretke et al.,
2000). Whether the cognate response regulator(s) of CSK are really ‘lost’ in the
green lineage or simply become ‘modified’ remains to be seen.
TCP34, the modified response regulator protein of ”green” chloroplasts thus
fits nicely into the scheme of regulation necessitated by the molecular of evolution of
CSK. Our sequence analysis suggests a greater variation and consequently less
sequence homology (Figure 8.1) in the receiver domain of TCP34 from the green
algae and plants than in the receiver domain of response regulators of non-green
algae. It is not yet clear whether this amounts to a co-evolution in TCP34 to
accommodate a CSK-like sensor, which has similarly evolved in its kinase domain in
green algae and plants. But this is what one would expect if TCP34 were indeed the
response regulator partner of CSK in green chloroplasts. Before proceeding with this
or any other possibility, the response regulator credentials of TCP34 in chloroplasts
should be settled.
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9.1 Summary of the main findings presented in this thesis
• A nuclear-encoded two-component sensor kinase is present in algal and plant
chloroplasts.
• This Chloroplast Sensor Kinase (CSK) is now identified and characterised.
• CSK shows molecular evolution with respect to the histidine residue in the
autophosphorylation site. Non-green algal CSKs exist as unmodified sensor
histidine kinases, while green algal and plant CSKs are modified sensor histidine
kinases.
• CSK is localized in the chloroplast and is likely to be a stromal protein.
• CSK is imported into chloroplasts from the cytosol as a precursor that seems not
to be processed proteolytically after import.
• CSK functions as the sensor component in a redox-responsive two-component
system that connects photosynthetic electron transport to gene transcription in
chloroplasts.
• The Arabidopsis CSK autophosphorylates in vitro and the autophosphorylation
requires divalent cations Mn2+ or Ca2+. The acid and alkali stability of the
autophosphorylated amino acid(s) in CSK suggests autophosphorylation on
tyrosine residue.
• CSK has a wide phylogenetic distribution, in contrast to the chloroplast-encoded
ycf26 sensor kinase of non-green algae.
• Hik2 in cyanobacteria is a homologue of CSK. This finding sheds light on the
cognate response regulator partner of CSK and further reveals an unexpected
phylogenetic connection between CSK and chloroplast two-component systems
of non-green algae.
• In the light of available data, the general functional property of chloroplast two-
component systems is one of providing a regulatory coupling between
photosynthesis and gene transcription in chloroplasts.
• Chloroplast two-component systems are likely to be universal in photosynthetic
eukaryotes, and they persist in chloroplasts as products of nuclear genes even
where chloroplast genomes no longer encode them.
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• There exists an evolutionary continuity in the distribution and function of two-
component systems in chloroplasts and in their cyanobacterial ancestors.
• The distribution of chloroplast two-component systems follows a lineage specific
pattern.
• The endogenous rhythm of mRNA accumulation in chloroplasts is generated by
the action of chloroplast two-component systems and that a chloroplast location
for chloroplast two-component system genes has been favoured in evolution to
fulfil this functional role.
9.2 Chloroplast two-component systems: the missing link between
photosynthesis and gene expression
Analysis of the functional properties of chloroplast two-component systems reported
in this thesis suggests an indispensable role for these proteins in linking
photosynthetic electron transport to the transcription of genes encoding the
photosynthetic machinery. Chloroplast two-component systems fulfil this vital role
by acting as redox sensors and redox response regulators (Allen, 1993a, Allen,
1993b) inside the chloroplast. Chloroplast sensor kinases, acting as redox sensors,
monitor the flux of electron transport in the thylakoid membrane. The flux of
electron transport lies at the heart of photosynthetic activity. Sensor kinases pass this
information on to response regulators, which, when required, selectively turn
photosystem genes on and off. This feedback regulation brings about redox
homeostasis and photosynthetic activity in chloroplasts that becomes rapidly and
unconditionally optimised to changing environmental conditions.
Although the functional role of CSK has been worked out to a significant
extent, little is known concerning the role of the other chloroplast sensor, ycf26,
which is predominantly found in non-green algae. This is partly because knock-out
mutant lines are not available in these algae (Duplessis et al., 2007). Nonetheless, a
transcriptional regulatory role of photosynthesis-related genes is what the
cyanobacterial homologue of ycf26 seems to indicate (chapter 7). Additionally the
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sensor domain of ycf26, like that of CSK (chapter 5), is suggestive of a redox-
sensing function.
The ycf26 sensor kinase seems to be a transmembrane protein as most of its
examples have 2-3 predicted transmembrane helices. The predicted topology (Figure
9.1) of ycf26 includes one or two transmembrane helices at the N-terminus and a
lumenal loop of 120-130 amino acids followed by another transmembrane helix. The
predicted stromal part of the enzyme has an HAMP linker domain and a PAS domain
followed by the kinase domain (Figure 9.1). HAMP domains are known to act as
linkers that connect the periplasmic sensor domain with the cytoplasmic kinase
domain of transmembrane histidine kinases (Aravind and Ponting, 1999). PAS
domains are well known for their role as sensors of redox state (Taylor and Zhulin,
1999). It appears that in most ycf26 proteins, the predicted thylakoid lumenal loop
and the internal PAS domain act as two separate sensor domains (Morrison et al.,
2005). Ycf26, with its lumenal loop and PAS domain acting as two separate sensor
domains, will be able to integrate multiple signals and act as a multi-sensor
(Morrison et al., 2005). However, the redox-sensing functional role of ycf26 is
underscored by the observation that this sensor is seen in its minimal form, with only
the PAS sensor domain and the kinase domain being present, in the raphidophycean
alga, Heterosigma akashiwo and the cryptophycean alga, Rhodomonas salina.
Direct evidence for the transcriptional regulatory role of chloroplast response
regulators is also lacking because of difficulties in generating knockout mutants in
non-green algae (Duplessis et al., 2007). Nonetheless, a role for these proteins in
photosynthetic gene transcription can be inferred from observations of plastid gene
promoter binding by chloroplast response regulators and from studies involving the
cyanobacterial homologues of chloroplast response regulators (chapter 8). With this
being the case for chloroplast response regulators in the non-green lineages, the
functional characterisation of any chloroplast response regulators in the green lineage
will have to wait for their experimental identification.
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Figure 9.1 Predicted domain composition of ycf26. Individual domains are labelled as TM,
Transmembrane; HAMP, domain present in histidine kinases, adenylyl cyclases, methyl-accepting
proteins and phosphatases; PAS, domain named after three proteins it occurs in, per, arnt, and sim;
KINASE, kinase domain of sensor histidine kinases.
141
Chapter Nine
General discussion  9
Two-component systems connect photosynthesis to gene expression, but how
exactly does this connection bring about homeostasis in chloroplast function? The
answer lies in the chloroplast’s resulting ability to control biogenesis of the electron
transfer complexes participating in the light reactions of photosynthesis (Allen,
2003b).  These electron transfer complexes are multi-subunit pigment-protein
assemblages with their core protein components being encoded by the chloroplast
genome and the peripheral protein components encoded by the nuclear genome
(Figure 9.2). The biogenesis of these electron transfer complexes involves a
hierarchical assembly in which the chloroplast-encoded core components are made
and inserted into the thylakoid membrane first, followed by the assembly of the
nuclear-encoded peripheral components (Choquet and Vallon, 2000).
Some general principles have been recognized in the highly concerted
assembly processes of electron transfer complexes in chloroplasts (Choquet and
Vallon, 2000). Nuclear-encoded subunits are found to be less essential to the stability
of the complexes than the chloroplast-encoded core subunits. Among chloroplast-
encoded subunits, there exists a sequential and ordered assembly, which arises from
a hierarchical organization in the expression of these subunits. This in regulatory
terms means that the translation of certain subunits is controlled by the state of
assembly of the complex. And to be precise, the rate of translation of some subunits
depends on other subunits being present in the membrane. The former subunit is
called a CES (Control by epistasy of synthesis) protein and the latter is a dominant
assembly factor (Choquet and Vallon, 2000). The dominant assembly factors are less
stable in the complexes and, in the absence of their assembly partners, are rapidly
degraded by proteases. CES proteins on the contrary are more stable, but their
synthesis is reduced in the absence of dominant assembly factors, by an
autoregulatory translational loop. In Chlamydomonas, mutant studies have revealed
that in each complex of the thylakoid membrane, at least one subunit is under
epistatic control of synthesis and thus be a CES protein. Cytochrome f  in
Cytochrome b6f, psaA protein in PS I, D1 and CP47 in PS II, α subunit in ATP
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synthase and the large subunit of RuBisCO are CES proteins (Choquet and Vallon,
2000).
The Control by epistasy of synthesis and the biogenesis of electron transfer
complexes in general offer some important insights into the gene content of
chloroplast genomes and the genetic control mechanism of photosynthetic genes.
The gene content of chloroplast genomes can be explained only when the CORR
hypothesis (Box 9.1) is viewed in the context of the biogenesis and assembly
processes of electron transfer complexes.  A synthesis of CORR (Box 9.1) and
biogenesis principles (Box 9.2) might explain why species-specific differences in the
assembly process could result in species-specific differences in the gene content of
chloroplasts. For example, some photosystem genes such as psaD psaE and psaF are
always chloroplast-encoded in red algae, but they are nuclear-encoded in green algae
and plants.
Autoregulation of translation of CES proteins becomes possible only when
their genes are present in the same location where the assembly takes place (Choquet
and Vallon, 2000). CES properties certainly explain why genes encoding CES
proteins should be there in chloroplasts, but they do not explain why genes encoding
dominant assembly factors should also be there in chloroplasts. The retention of
these genes, however, has to do with the nature of the biogenesis process itself, a
process in which the chloroplast-encoded core subunits act as “seeds” or “nuclei” on
which the nuclear-encoded peripheral subunits assemble to form functional electron
transfer complexes.
The pivotal role of chloroplast-encoded subunits in assembly is further
highlighted by the observation that some small subunits are encoded in the
chloroplast genome and integral to assembly without forming part of a mature,
functional complex (Boudreau et al., 1997). The pre-eminence of chloroplast-
encoded subunits in the assembly process means that, if chloroplasts can rapidly
control the availability of core-subunits, they can “make” or “break” whole electron
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Box 9.1
The CORR hypothesis (Co-location for Redox Regulation) states that genes have
been retained in bioenergetic organelles to provide direct and unconditional
regulation of their expression by the redox state of their gene products, the core
proteins of energy transduction in photosynthesis and respiration. Some important
axioms and predictions of CORR are:
• The principle of selective value of redox control
For each gene under direct redox control, it is selectively advantageous for that
gene to be retained and expressed only within the organelle.
• The principle of unselective gene transfer and protein import
Gene transfer from the organelle to the nucleus of the host cell is not selective for
particular genes and there is no barrier to the successful import into the organelles
of any precursor protein.
• The principle of selective value for nuclear location of genes
It is selectively advantageous to relocate those organellar genes, which do not
encode core-subunits of electron transfer complexes and whose expression need
not be redox-regulated, to the nucleus of the host cell.
• The principle of primary involvement in energy transduction
Those genes for which direct redox control is vital, and whose gene products
form the core subunits of electron transfer complexes and participate in primary
electron transfer reactions, are always contained in the organelles.
• The principle of secondary involvement in energy transduction
Genes whose products constitute the organelle genetic system, or whose products
are associated with secondary events in energy transduction, may be retained in
organelles in one group of organisms, but not in another.
• The principle of nuclear encoding of redox signalling components
The redox-signalling components, upon which the co-location of genes and gene
products is based, are themselves not involved in primary electron transfer, and so
their genes have been relocated to the nucleus.
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transfer complexes. The precisely timed delivery of assembly-competent,
chloroplast-encoded, core subunits is essential not only for the assembly process
itself but also for the prompt binding of chlorophylls and other cofactors that are
synthesized in the chloroplast. The deleterious effects of unbound chlorophylls and
their biosynthetic intermediates are well known.
Box 9.2
The following properties of the biogenesis process of electron transfer complexes
may act in conjunction with CORR to retain genes in chloroplasts,
• Electron transfer complexes in chloroplasts follow a hierarchical assembly in
which the chloroplast-encoded core subunits acts as “seeds” or “nuclei”
around which the nuclear-encoded peripheral subunits assemble.
• Nuclear-encoded subunits are less essential to the stability of the complexes
than the chloroplast-encoded core subunits.
• Translation of certain chloroplast-encoded subunits is regulated by the state of
the assembly of the complex. This regulation requires their genes being
present in the same compartment where the assembly takes place.
• Some subunits that are not part of a mature, functional complex but are
integral to the assembly process are encoded in the chloroplast.
• Species-specific differences in assembly can result in species-specific
differences in chloroplast gene content.
Control over the availability of chloroplast-encoded core subunits can be
achieved by means of both transcriptional and translational regulation, although the
former has been considered as the principal mode of gene regulation. Since
chloroplast-encoded core subunits comprise of both dominant assembly factors and
CES proteins, it is interesting to ask whether both classes of genes are under
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transcriptional control.  If both categories of genes are under transcriptional control,
will they differ in their levels of response, for example one class of genes respond
faster than the other? The polycistronic nature of many chloroplast mRNAs,
however, suggests that both dominant assembly factor and CES protein genes could
be equal targets of transcriptional regulation.
If rapid regulation of chloroplast-encoded genes is what tips the equilibrium
of complex formation, how will chloroplasts know which chloroplast genes should
be turned on and which turned off? As discussed in chapter 1, the redox state of
some photosynthetic electron carriers is a useful source of information for deciding
the composition of thylakoid membranes. But, this will require a continuous dialogue
between electron carriers and chloroplast genes encoding core-subunits. A minimal
signal transduction chain in the form of a two-component system makes this dialogue
possible (Figure 9.3). The chimeric nature of the electron transfer complexes further
requires that the dialogue within the chloroplast be overheard by the nucleus, so that
the availability of the nuclear-encoded peripheral subunits is also, eventually,
brought under control (Figure 9.3). Plastid-to-nuclear signalling pathways
(Koussevitzky et al., 2007, Fey et al., 2005a, Gray et al., 2003, Lopez-Juez and Pyke,
2005, Lopez-Juez, 2007) must have originated to achieve this level of coordination
required for the assembly of electron transfer complexes.
9.3 Evolutionary continuity in the distribution and function of chloroplast two-
component systems
An important prediction of the CORR hypothesis is that redox-signalling devices that
connect photosynthesis to gene expression operated both before, during and after the
transition from cyanobacterium to chloroplast (Allen, 2003b). This prediction is
borne out by the distribution and function of chloroplast two-component systems
described in this thesis. As discussed in earlier chapters, cyanobacterial homologues
for chloroplast two-component systems can be recognized in extant cyanobacterial
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Figure 9.3 A model explaining the operation of a CSK-based two-component system in chloroplasts.
CSK selectively switches on and off chloroplast genes in response to perturbations in the
photosynthetic electron transport chain (depicted as electron transport from H2O to NADP+). CSK acts
as a redox sensor, and reports on electron flow. A response regulator protein (RR) whose identity is
yet to be revealed in green algae and plants, mediates CSK’s control over gene expression.
Chloroplast genes under CSK control are those that encode core components (shown in green) of the
electron transfer complexes. The nuclearly-encoded peripheral components are shown in yellow. The
red arrow from the chloroplast to the nucleus represents plastid-to-nuclear signalling. (Figure adapted
from (Allen, 2003b)).
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lineages and functional roles of the cyanobacterial counterparts are strongly
suggestive of their coupling photosynthesis with gene expression. Chloroplast two-
component systems thus epitomise a signalling system which could never have been
put “on hold” in evolution.
An experimental strategy to test the continuity in the function of two-
component systems in chloroplasts and in their cyanobacterial ancestors would be
cross-kingdom complementation. If the functional continuity is correct, the
cyanobacterial homologue of CSK, hik2, should be able to complement the loss of
CSK; hik33, the loss of ycf26; rre26, the loss of ycf27; rre1, the loss of ycf29 in
chloroplasts. For successful complementation, cyanobacterial homologues of
chloroplast two-component systems will require a transit peptide for import into
chloroplasts.  It is, however, unlikely that hik2 would be able to complement the loss
of CSK in green algae and plants, as their CSK is a modified histidine kinase.
9.4 Lineage specific retention/loss of two-component systems
The presence of cyanobacterial homologues, apart from strengthening the genealogy
of chloroplast two-component systems, has uncovered the cognate interaction
partners in chloroplast two-component systems. As discussed in previous chapters
the two cognate pairs important from a plastid perspective in cyanobacteria are those
formed between hik33 and rre26, and hik2 with rre1. These functional relationships
in cyanobacteria, when extended to chloroplasts, mean that ycf26 and ycf27 form
one cognate pair while CSK and ycf29 together form another. Although some
chloroplasts still keep these ancestral combinations between sensors and response
regulators, most chloroplasts have deviated from this pattern for reasons which we
do not yet fully understand. These deviations have resulted in a striking pattern of
lineage–specific retention or loss of chloroplast two-component systems (Figure 9.4).
In photosynthetic eukaryotes, chloroplast two-component systems as we
understand them today consist of two sensors (CSK, ycf26), two response regulators
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Figure 9.4 Lineage-specific distribution of chloroplast two-component systems. Cyanobacteria and
chloroplasts are represented as ovals. Their names and oval representations are coloured according to
their major pigments. Chloroplasts are additionally marked “C” and the nucleus is represented by
dashed circles and marked “N”. When genes encoding either component of the two-component
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systems are moved to nucleus, synthesis of this component in the cytoplasm and import back to
chloroplasts is indicated by ribosomes and dashed arrows. Lineages of non-green algae leading to
diatoms, cryptophytes, raphidophytes and haptophytes have involved secondary endosymbiosis with a
red algal symbiont and are represented by thick-blue arrows from the red lineage. “27” and “29”
denote the non-green algal response regulators ycf27 and ycf29 respectively.
(ycf29, ycf27), and an additional response regulator like-protein (TCP34). The
distribution of these proteins seems to follow a lineage–specific pattern (Figure 9.4).
In the lineage of rhodophytes leading to Porphyra purpurea, Cyanidium caldarium
and Gracilaria tenuistipitata, chloroplast two-component systems consist of the
ycf26 sensor and two response regulators, ycf27 and ycf29, all chloroplast-encoded
(Figure 9.4). In the raphidophyte Heterosigma akashiwo and the haptophyte,
Emiliania huxleyi the same combination is seen except that the ycf29 response
regulator is missing (Figure 9.4). In the ancient red algae, Cyanidioschyzon merolae,
the response regulators are ycf27 and ycf29 proteins, both encoded in the chloroplast,
while the sensor ycf26 is lost and presumably replaced by the nuclearly encoded
CSK (Figure 9.4).
The glaucophyte Cyanophora paradoxa and the cryptophyte Guillardia theta
resemble Cyanidioschyzon in their contingent of chloroplast two-component systems
(Figure 9.4), but a nuclearly encoded sensor kinase is yet to be demonstrated in their
chloroplasts.  Chloroplasts of bacillariophytes such as Phaeodactylum tricornutum
and Thalassiosira pseudonana do not encode any two-component system,
nevertheless they seem to contain chloroplast two-component systems as products of
nuclear genes, since homologues of CSK, ycf27 and ycf29 genes can be identified in
their genomes.
Chloroplasts in the green lineage (Figure 9.4), with the single exception of
Chlorokybus atmophyticus, seem not to encode two-component systems.
Orthologues of CSK are readily identifiable in the sequenced nuclear genomes of
higher plants, in the moss Physcomitrella patens and in the prasinophycean alga,
151
Chapter Nine
General discussion  9
Ostreococcus tauri. In contrast, the identity of chloroplast response regulators in
green algae and land plants, again with the exception of Chlorokybus atmophyticus,
remain shrouded in mystery. Whether the nuclear-encoded TCP34 protein can be
counted as a genuine chloroplast response regulator remains to be seen.
Distribution of chloroplast two-component systems appears to be a
phylogenetic patchwork (Figure 9.4). Nevertheless a pattern emerges with regard to
the location of genes encoding chloroplast two-component systems. These genes are
shown to move from chloroplast to the nuclear genomes as we proceed from non-
greens to greens (Figure 9.4). Sequencing of more chloroplast and nuclear genomes
may uncover yet further combinations of sensors and response regulators in
chloroplasts. Genome sequencing will also answer questions such as the following.
Are there nuclearly encoded ycf26 homologues in algae and plants? Will a CSK
homologue be found encoded in a chloroplast?
9.5 Factors accounting for the uneven distribution of two-component system
genes between chloroplasts and nucleus
The emerging properties of chloroplast two-component systems and their
cyanobacterial homologues demonstrate their role in linking photosynthesis with
gene expression. How does this general function account for the uneven distribution
of their genes between chloroplast and nuclear genomes? One hypothesis is that the
retention of two-component genes in chloroplasts confers a selective advantage to
the organism bearing them, since they may then be able to mount a rapid and
elaborate adaptive response to serious environmental assaults such as high light
intensities (Allen, 2003b). This amplified response is thought to be mediated through
a positive feedback loop in the two-component regulatory system, since its
components are encoded in the operon which they, themselves, control (Allen, 1995,
Allen and Nilsson, 1997). Such a positive feedback loop has been shown to promote
a transcriptional surge that jump–starts virulence in Salmonella typhimurium (Shin et
al., 2006). Amplification of signals within chloroplasts may also explain the
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occurrence of chloroplast-encoded response regulator genes in more than one copy
number in some non-green algae. Allen’s proposal (Allen, 1995) is also in agreement
with the demonstrated high light acclimatory roles of chloroplast two-component
systems and their cyanobacterial homologues (Hsiao et al., 2004, Kappell and van
Waasbergen, 2007).
Being part of the operon it controls is also a characteristic feature of the
transcriptional feedback loop in circadian oscillators. We propose that the circadian
analogy can be applied to chloroplasts, and that chloroplast encoded two component
systems, acting as endogenous oscillators, generate a rhythmic pattern of chloroplast
mRNA accumulation. A diurnal rhythm has been noted in photosynthetic electron
transport (Okada and Horie, 1979). Chloroplast two-component systems, as
discussed in the earlier section, connect the activity of photosynthetic electron
transport chain to gene expression in chloroplasts. Thus it is likely that an
autoregulatory loop in the transcription of chloroplast-encoded two-component
systems, when connected to the rhythmic activity of photosynthetic electron
transport, will generate a rhythmic transcript accumulation pattern for chloroplast
genes.
An endogenous rhythm of chloroplast transcript accumulation has been
demonstrated in the marine chromophytic alga Heterosigma carterae (Doran and
Cattolico, 1997) and is thought to be generated by an endogenous oscillator driven
by the activity of the photosynthetic electron transport chain. If our proposal is
correct, chloroplasts in the green lineage may have lost this transcriptional loop as
genes encoding chloroplast two-component systems have moved to the nuclear
genome. The likely existence of a post-translational feedback loop in the nuclear-
encoded chloroplast two-component systems may still ensure an endogenous rhythm
of transcript accumulation in chloroplasts, as has been observed in Arabidopsis
(Puthiyaveetil and Allen, 2008). Additionally, the observation that in CSK null
mutants, rhythmcity of psaA transcript accumulation has been greatly attenuated
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(Figure 5.1A) supports the role of nuclear-encoded chloroplast two-component
system in rhythmic transcriptional activity of chloroplast genes.
The endogenous rhythm in chloroplasts is distinct from the circadian rhythm
in that the former is aperiodic in oscillation. The aperiodicity in chloroplast’s
endogenous rhythm was demonstrated in algae, where the endogenous rhythm of
transcript accumulation shows a temporally-gated response to changes in
photoperiod (Doran and Cattolico, 1997). It was seen that the ability of the algae to
crank up the transcriptional response, in response to changes in photoperiod, was
limited to the first 2 hours of the dark period. Likewise, in the red alga,
Cyanidioschyzon merolae a similar chloroplast transcriptional response was noted in
response to shifts from dark to light conditions (Minoda et al., 2005). The
transcription of photosystem genes and other chloroplast genes encoding core
subunits of electron transfer complexes peaked after 1 hour from dark to light switch,
which then decreased after 6 hours of the light shift. One can easily envisage how an
endogenous oscillator made of chloroplast two-component systems can generate
such aperiodic transcriptional rhythms in chloroplasts.
There could be clear advantages for the endogenous rhythm of transcript
accumulation in chloroplasts not being circadian. For example, chloroplasts are faced
with aperiodic fluctuations in incident light quantity and quality, such as those
caused by cloud cover, transient shading by the canopy. In order to improve
photosynthetic efficiency and to avoid free radical generation by inadvertent electron
transfer reactions under such conditions, chloroplasts can rapidly tune the expression
of genes encoding core subunits of the electron transfer complexes with the help of
an aperiodic clock. As seen in the earlier section, chloroplast’s ability to rapidly
regulate the expression of chloroplast-encoded core subunits gives them the upper
hand in the assembly of electron transfer complexes and hence in altering the
thylakoid composition. Chloroplast’s endogenous rhythm in transcript accumulation
is thus driven by the availability of light and can be best described as a dial, or light-
dark, cycle. It then appears that, besides providing the redox-signalling device that
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connects photosynthesis with gene expression, two-component systems have
endowed chloroplasts with an autonomous clock.
9.6 Future directions
9.6.1 Signal sensing and transduction mechanism of chloroplast sensor kinases
As discussed earlier, the N-terminal GAF and PAS domain respectively of CSK and
ycf26 are presumably forming their redox sensor domains. As mentioned in chapter
5, GAF domains rely on certain redox-responsive cofactors for their redox sensing
function. Interestingly, the secondary database, Prosite, predicts a nucleotide-binding
domain called PUA within the GAF domain of the Arabidopsis CSK. This
observation raises the possibility that the GAF domain in CSK bind one or more
redox-responsive cofactors such as pyridine or flavin nucleotides for its redox
sensing function. The redox sensing function of PAS domains has been attributed to
redox-responsive cofactors such as haem (Gilles-Gonzalez and Gonzalez, 2004),
flavin (Taylor, 2007) or conserved cysteine residues (Malpica et al., 2004). Whether
the PAS domain of ycf26 houses any redox-responsive cofactors or contains redox-
sensitive cysteine residues for its redox sensing function remains to be seen.
In order to investigate the redox sensing mechanism of CSK and ycf26, both
in vitro and in vivo approaches should be explored. The in vitro approach may
involve biochemical and spectroscopic studies with purified full-length CSK and
ycf26 proteins and their isolated GAF and PAS domains. Redox-responsive
prosthetic groups and cofactors, if present, can give unique colourations to the
purified CSK and ycf26 proteins. Prosthetic groups and cofactors can also be
identified by their spectral signatures. The redox state of possible prosthetic groups
and cofactors can be modulated by the addition of specific redox agents and the
resulting biochemical and structural changes in the GAF and PAS domain can be
studied by visible, FTIR and NMR spectroscopy. The involvement of conserved
cysteine residue in redox-sensing function can be studied by the use of redox and
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alkylating agents. Structural elucidation of GAF and PAS domains can further give
important insights into their redox sensing function.
The above in vitro approaches should be complemented by studies carried out
in vivo. These would, however, require a model organism, which allows precise
alterations of the CSK gene. The model moss Physcomitrella patens (Rensing et al.,
2008) is an ideal system for in vivo studies as it permits gene targeting by
homologous recombination. Homologous recombination in Physcomitrella enables
rapid and efficient replacement of endogenous loci by precisely manipulated variant
alleles differing by as little as a single base pair. This highly sophisticated gene
replacement permits the analysis of variant genes placed under the control of the
native promoter, in situ, within the genome, thereby avoiding potential complications
resulting from “position effects” and epigenetic silencing. Additionally,
Physcomitrella provides a phylogenetically distant model, affording an evolutionary
perspective on the function of chloroplast two-component systems.
The critical amino acid residues of the sensor domain, once identified from
biochemical and structural studies, should be altered by site-directed mutagenesis,
and this is already possible in Physcomitrella. This approach would enable the study
of the consequences of these alterations on the signalling role of CSK. Since ycf26 is
predominantly found in non-green algae and since current genetic manipulation
technology for these algae is unable to allow precise alterations in their genes, the
characterization of ycf26 signalling role in vivo may have to wait. However, these
studies should be possible to a certain degree in species such as diatoms, which
shows some potential for genetic engineering.
Signal reception modulates the autokinase activity of sensor kinases.
Modulation can be either activation or inactivation of the autokinase activity (Stock
et al., 2000). For CSK and ycf26, it remains to be determined whether the signal
perception causes activation or inactivation of their autophosphorylation activity.
Autophosphorylation assays with purified, full-length proteins in the presence of
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relevant signalling molecules can reveal whether the signal is an on or off switch for
autophosphorylation. Having done this, the identity of the autophosphorylated amino
acid in CSK and ycf26 should be determined by mass spectrometric analysis –
LCMS – of the whole proteins and of peptide fragments.
The basis of signal transduction in two-component systems is phosphoryl
group transfer from the sensor to the response regulator (Stock et al., 2000). The
sensor kinase becomes dephosphorylated as its substrate, the phosphoryl group
acceptor response regulator, becomes phosphorylated. Chloroplast sensor kinases
should therefore be examined for the redox potential under which they become
phosphorylated and dephosphorylated. In addition, the kinetics of phosphorylation
and dephosphorylation should be examined. A labelled phosphorus atom transferred
from one protein to another will show identical half-time of dephosphorylation in the
donor and of phosphorylation in the acceptor. Over-expressed and purified
chloroplast sensors and chloroplast response regulator proteins should therefore be
used to study phosphoryl group transfer. The identity of the phosphorylated amino
acids in chloroplast response regulators should also be determined by mass
spectrometric analysis. The studies of autophosphorylation and phosphoryl group
transfer acquire special significance in the case of CSK as it is a modified histidine
kinase. Unconventional amino acids (discussed in chapter 6) and phosphoryl group
transfer mechanism may be involved in the signal transduction of CSK. These
studies in conjunction with structural determination of phosphorylated and
unphosphorylated chloroplast sensors and response regulators can further reveal
intricacies of their signalling mechanisms.
9.6.2 Identification of the cognate response regulator partner of CSK
As discussed in chapter 8, the cognate response regulator of CSK is only seen in red
algae and diatoms, where CSK exists as an unmodified histidine kinase. When CSK
becomes modified, as in green algae and plants, no cognate response regulators can
yet be identified; however, CSK retains its transcriptional regulatory role.
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Transcriptional regulation requires specific interaction with the transcriptional
machinery and specialised proteins such as response regulators can only fulfil DNA
binding properties. It can thus be concluded that a yet unidentified response regulator
mediates the action of CSK in green algae and plants. The identification of this
response regulator, however, is a challenging prospect.
Various methods can be employed for the identification of the cognate
response regulator partner of CSK in green algae and plants. Yeast two-hybrid
screening and split ubiquitin screening are methods that are routinely used for the
identification of interaction partners. These methods, however, can present some
problems. Since both the “bait” and “prey” proteins are overexpressed, non-specific
interaction may result from their overabundance in the yeast or bacterial cell.
Additionally, the presence of unprocessed transit peptides in the bait and prey
proteins can inhibit their intermolecular interaction in yeast cells.
Candidate chloroplast response regulators with chloroplast targeting sequence
can also be identified by bioinformatic analysis. The possibility that the response
regulator-like protein TCP34 functions as the cognate partner of CSK should be
examined by inactivation of the T C P 3 4 gene in both Arab idops i s  and
Physcomitrella. If the functional studies of TCP34 null mutants suggest TCP34 to be
a genuine chloroplast response regulator, the interaction between TCP34 and CSK
should be studied in P h y s c o m i t r e l l a  by dual epitope-tagging and co-
immunoprecipitation. TCP34 can be tagged with one epitope and CSK with another.
The co-immunoprecipitation of these two separate epitopes should reveal whether
TCP34 and CSK interact. Additionally, the interaction between CSK and TCP34 can
be validated in vivo by split YFP strategy.
If it turns out that chloroplast response regulators are indeed lost in green
algae and plants, how would the regulatory action of CSK be relayed to the
transcriptional machinery in their chloroplasts? In other words, what will be the
effector component that translates CSK’s sensing function into transcriptional
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activation/repression of chloroplast genes? The possibility that CSK directly
phosphorylates or interacts with the transcriptional machinery cannot be ruled out.
Under such circumstances, the subunits of the plastid encoded polymerase (PEP) or
its cofactors such as sigma-like factors could act as phosphorylation targets of CSK.
It has been known that the redox-responsive, PEP-associated serine/threonine kinase,
plastid transcription kinase (PEP) acts via phosphorylation of sigma-like factors and
of subunits of the PEP (Baginsky et al., 1997).
9.6.3 Determination of the target genes and mode of action of chloroplast
response regulators
Chloroplast genomes encode as many as 200 genes in certain algal species or as little
as a few dozen in some non-photosynthetic organisms. Land plant chloroplast
genomes typically contain around 100-120 genes. It is thus interesting to ask how
many of these genes are under the direct control of chloroplast response regulators?
Since not all chloroplast genes may be transcriptionally regulated under a given
condition, different experimental conditions should be used to assess the regulation
of chloroplast gene expression. In this regard, use of photosystem-specific lights
(light 1 and 2), changes in light fluence rate (light quantity), electron transport
inhibitors, and various stages in a photoperiod are relevant conditions to assess the
chloroplast transcriptome. A chloroplast DNA microarray analysis is an ideal way to
find out the number of chloroplast genes under the regulatory control of chloroplast
response regulators. Additionally, qPCR, northern analysis and run-on transcriptional
assays can be used to validate transcriptional control of selected chloroplast genes.
Since response regulators affect transcription by way of selective DNA
binding or by interacting with RNA polymerases, the DNA binding properties of
chloroplast response regulators should be studied by electrophoretic mobility shift
assays and DNase footprinting assays. The plastid array data will also reveal
common cis-acting elements in the target genes of chloroplast response regulators. It
has been recognized that response regulators exist in two conformations, an active
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and an inactive conformation (Robinson et al., 2000). Phosphorylation in the receiver
domain of response regulators relieves the inhibitory effect on their DNA-binding
domains imposed by the receiver and thereby shifts the equilibrium of response
regulator conformation into that of an active state. The response regulators, in
addition to catalysing the phosphate group transfer from phosphohistidine of sensor
kinases, catalyse the hydrolysis of their own phosphate group. The lifetime of the
acyl phosphate in response regulators is known to vary from seconds to hours
depending on the specific needs of each signalling pathway (Robinson et al., 2000).
It will therefore be interesting to determine the lifetime of acyl phosphates in
chloroplast response regulators and what this lifetime means for the regulation of
chloroplast transcription. Some response regulators are known to act as activators as
well as repressors of transcription by binding at more than one promoter sites or with
varying affinity (Lynch and Lin, 1996, Li et al., 2008). This dual action is an
interesting prospect for chloroplast response regulators since only a bifunctional
chloroplast response regulator can account for both upregulation and downregulation
seen in some light conditions (Pfannschmidt et al., 1999a). A complete description of
the action of chloroplast response regulators will also require determination of their
three-dimensional structures.
9.6.4 Development of a reporter gene based functional assay for chloroplast
two-component systems
Development of a chloroplast reporter gene-based assay is an important avenue to be
explored for understanding the full implications of chloroplast two-component
systems for regulating chloroplast transcription. A chloroplast reporter gene-based
assay can reveal hitherto inaccessible details in the function of chloroplast two-
component systems. This is in addition to the fact that the present analysis of the
functional role of chloroplast two-component systems is hampered by
inconsistencies and difficulties associated with the determination of chloroplast
transcript abundance and transcriptional activity. A chloroplast reporter-gene based
assay would also enable monitoring of chloroplast transcription in real time.
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Various reporter genes have been assayed in chloroplast after their successful
integration and expression under native chloroplast or foreign promoters. Both
luciferase and GFP reporter genes have been assayed in the chloroplast of
Chlamydomonas (Mayfield and Schultz, 2004, Franklin et al., 2002). Biolistic
transformation of tobacco chloroplasts with the reporter gene UidA, which codes for
the beta glucuronidase enzyme used in GUS assay, has been achieved (Bock and
Maliga, 1995). GFP reporter gene has also been successfully delivered into tobacco
chloroplasts with gene bombardment technology (Newell et al., 2003). However,
chloroplast transformation technologies have not been very successful for model
plants such as Arabidopsis. The efficiency of biolistic transformation was found to
be very low in Arabidopsis (Sikdar et al., 1998). Generating homoplasmic plants for
the analysis would also require tissue culture regeneration of whole, fertile plants
from single transformant cells, which has proved difficult for Arabidopsis until now
(Sikdar et al., 1998).
Combining the success of plastid transformation with the availability of
knockout mutants for two-component systems in a single experimental system is thus
the stumbling block in a chloroplast reporter gene-based assay for chloroplast two-
component systems. However, this is going to change soon as experimental
organisms such as Physcomitrella are amenable to both gene inactivation and plastid
transformation (Cho et al., 1999). If and when such a system is available, the
consequences of the inactivation of chloroplast two-component systems on
chloroplast transcription can be studied by fusing a reporter gene with photosystem
gene promoters such as that of psaA, which responds well to the changes in the redox
state of PQ. Reporter genes can also be expressed under gene promoters of rbcL,
psbA or rrn16.
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Genotyping CSK T-DNA mutants for homozygous insertion lines
The Phenotypes identified and described for Chloroplast Sensor Kinase (CSK) were
based on two completely characterized T-DNA lines, SALK_027360 and
SALK_018074, which harbor insertions in the At1g67840 locus encoding the CSK
protein. Seeds for SALK_027360 and SALK_018074 lines were obtained from the
European Arabidopsis Stock Center (Nottingham), sown on soil and the F1 plants
were selfed. A PCR based approach (McKinney et al., 1995) was used to identify
homozygous insertion lines amongst the F1 plants. Seeds obtained from the
genotyped, F1 homozygous plants were used to characterize the phenotype. The PCR
based genotyping approach involved a genomic PCR using genomic primers, a
second PCR using genomic and T-DNA left border primers and a third Reverse
Transcriptase PCR (RT-PCR) to confirm the absence of transcripts from the
At1g67840 locus.
The positions of the T-DNA insertion in SALK_027360 and SALK_018074
lines are indicated in Figure 1. Figure 1B shows results from a genomic PCR using
5’ tggcctcttttagctatgggga 3’ as the forward primer and 5’ tgctcaagacaaagccgttga 3’ as
the reverse primer. The wild type CSK gene is amplified from the wild type sample
and not from the SALK_027360 sample indicating T-DNA insertion. Figure 1C
shows results from a genomic PCR using 5’ tggcctcttttagctatgggga 3’ as forward
primer and 5’ gcgtggaccgcttgctgcaact 3’ as reverse primer, which is also the T-DNA
cassette left border primer. The length of the amplificon from this second PCR
reaction is indicative of the approximate insertion site in the SALK_027360. The
actual insertion site was further determined by sequencing the amplificon from this
PCR reaction. Figure 1D shows results from a reverse transcriptase PCR using 5’
gagagtttcagtctcagccaca 3’ as forward primer and 5’ ttgcaatcaattttgttcaagtc 3’as
reverse primer. The CSK mRNA is amplified only from the wild type and not from
the SALK_027360 line, thus confirming that the At1g67840 locus is not transcribed
in SALK_027360 line.
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Figure 1 Genotyping of CSK T-DNA lines. (A) Schematic representation of the gene region of CSK
indicating T-DNA insertion sites in two different SALK lines. Exons are represented as white
rectangles and introns as the lines connecting them. The UTR regions at either end of the transcript
are shown as filled rectangles. (B to G) Results from the genomic and the Reverse Transcriptase PCR
methods used for genotyping SALK_027360 and SALK_018074 lines. Reactions products were
separated on a 1% agarose gel and stained with EtBr. Position of DNA ladder (in base pair, bp) is
indicated on the left.
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Figure 1E shows results from a genomic PCR using 5’
gtagagttcacacagatgattgagaaa 3’ as the forward primer and 5’ gcttcattggcttcagatactgc
3’ as the reverse primer. The wild type CSK gene is amplified from the wild type
sample and not from the SALK_018074 sample, indicating T-DNA insertion. Figure
1F shows results from a genomic PCR using 5’ gcgtggaccgcttgctgcaact 3’ as the
forward primer, which is also the T-DNA cassette left border primer and 5’
gcttcattggcttcagatactgc 3’ as the reverse primer. The length of the amplificon from
this PCR reaction is indicative of the approximate insertion site in the
SALK_018074. The actual insertion site was further determined by sequencing the
amplificon from this PCR reaction. Figure 1G shows results from a reverse
transcriptase PCR using 5’ atgcttctttctgcaatcgc 3’ as the forward primer and 5’
ctatgcttcattggctttcag 3’as the reverse primer. The CSK mRNA became amplified only
from the wild type and not from the SALK_018074 line, thus confirming that the
At1g67840 locus is not transcribed in the SALK_018074 line.
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